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LOW-SPEED MODEM SYSTEM DESIGN
USING THE MC6860

Prepared by :
Jon M. DeLaune
Computer Applications

This application note describ2s modem
systems for full duplex origirate only,
automatic answer-answer only and an-
swer/originate - with automatic answer.
Described are the peripheral circuits such
as limiters and bandpass filters that sur-
round the MC6860 to make it a 100
Series compatible modem systern.



LOW-SPEED MODEM SYSTEM DESIGN
USING THE MC6860

GENERAL

Low-speed modem designers will find that the MC6860
MOS LSI Modem with its built-in modulator, demodulator,
and supervisory control will allow the design of a high
performance, low cost 100 Series type modem. The

designer, by selecting from different filter configurations -

and some surrounding support circuitry, may design either
an originate only, answer only, or automatic answer/origi-
nate modem system. !

It is the purpose of this note to cover in some detail
these surrounding building blocks that comprise the total
system. To familiarize the reader with the MC6860 chip
operation, a general overview will be included with a more
detailed description to be obtained from the MC6860
data sheet.

BASIC MC6860 CIRCUIT OPERATION

Asillustrated in Figure 1, the MC6860 Modem contains
a digital modulator, demodulator, and a supervisory control
section to handle line disciplines for full duplex originate,
auto-answer, and auto-disconnect operations.

Modulator

The modulator section converts serial digital data into
analog frequencies for output to the telephone network.
The analog output from the modem is a digital synthesized
sinewave having one of four possible frequencies as listed
in Figure 2. The modulation scheme used is frequency
shift keying (FSK), where a logic “0” (space) is the lower
frequency and a logic “1” (mark) is the upper or higher
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FIGURE 1 — MC6860 Modem



Output | Originate | Answer
Mark 1270 Hz | 2225 Hz
Space 1070 Hz | 2025 Hz

FIGURE 2 — Output Frequency Shift Keying Pairs

frequency of either the originate or answer frequency pairs.
The analog signal output level from the modulator is
typically 350 millivolts (rms) into a load of 100 k ohms;
therefore, for the MC6860 to interface into a 600 ohm
line system such as the telephone network with the
necessary signal magnitude, an external transmit buffer
will be required.

Demodulator

The demodulator section receives either the lower or
upper (answer or originate modem) frequency tone pairs,
and by a technique of digital half-cycle detection deter-
mines the presence of a mark or a space frequency and
will output at the Receive Data pin either a digital logic
“1” or “0” to the terminal or computer equipment. The
incoming analog signal from the line should be bandlimited
(filtered) and limited (amplified/clipped) prior to the
demodulator carrier input to remove interfering signals
and system noise. The limited input signal presented to
the demodulator input should be at 50% duty cycle (£4%)
over the full input signal dynamic range and be at a TTL
compatible input level in order to maintain low bit-error-
rate performance.

Supervisory Control

The supervisory control section of the MC6860 contains
the necessary logic to provide initial inter-modem hand-
shaking as well as operational protocol, such as automatic
answer, originate only, initiate disconnect, and automatic
disconnect. A graphical illustration of these control oper-
ations provided by the MC6860 is shown in Figures 3, 4,
S, and 6. Signals provided by the MC6860 for interfacing
between a data terminal and either a CBS or a CBT
telephone network data coupler are shown at the top
right of Figure 1. Switch Hook (SH), Ring Indicator (RI),
and Answer Phone (An Ph) signals will interface directly
witha CBT data coupler, or with a CBS data coupler when
RS-232 interface circuits are used. Both of these data
coupler interface methods will be illustrated in later
system implementation examples.

Additional control signals that are. provided for data
terminal control are: Data Terminal Ready (DTR), Clear-
to-Send (CTS), Receive Break (Rx Brk), Transmit Break
(Tx Brk), and Break Release (Brk R). The Mode output is
a control function that is system oriented for the sur-
rounding filter block. This output can be used to control
switchable filters to provide a full automatic answer/
originate modem system. A logic low level at the Mode
output pin indicates the demodulator is in the answer
mode of operation and will demodulate 1070 Hz and
1270 Hz incoming signals. When the Mode output is in a
high state, the frequencies demodulated will be 2025 Hz
and 2225 Hz. A design example using switchable filters
will be illustrated in & later section.
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A self test feature is included in the MC6860 for testing
the modulator/demodulator sections. When a low logic
level is applied to the Self Test (ST) input pin, the demodu-
lator is switched to detect the modulator transmitted
frequency pair. Channel establishment obtained during
initial handshaking is not lost, with only the Mode output
changing state during initiation of self test as shown in
Figure 7. This test feature allows the modulator, demodu-
lator, and interval timer circuitry to be checked for proper
operation during diagnostic system test.

ST | SH | RI | Mode
H (& H H
H H i L
L L H L
2 H L H

FIGURE 7 — Mode Control Truth Table

MODEM FILTER DESIGN

Filter networks are among the most important surround-
ing element blocks in a modem system.-As shown in Fig-
ure 8, a filter block is used in the receive carrier signal
path and another filter block is used in the transmit
carrier signal path. The transmit carrier filter may not be
required in answer only modem designs but is required
for originate mode operation.

The receive filter must provide sufficient adjacent
channel rejection to provide good bit-error performance.
During answer only operation, the filter must pass the
receive frequencies of 1070 and 1270 Hz, but reject the
adjacent channel local transmit frequencies of 2025 and
2225 Hz.

Typically, the receive carrier bandpass filter should
provide greater than 35 dB attenuation to the adjacent
channel. During full duplex originate operation, the local
transmit signal produces second harmonic energy within
the receive filter bandpass (2 x 1070 Hz = 2140 Hz). To
reduce this frequency component in the receive filter
passband, a transmit carrier filter must be included. This
transmit filter may bz either a low pass, a high pass, or a
bandpass filter dependent upon thé designed mode of
operation of the modem: originate only, answer only, or
auto answer/originate.

The filter design example presented is a bandpass con-
figuration which could be used in either the transmit or
receive signal paths with only component value changes.
The transmit filter must have a pass frequency of 2025-
2225 Hz when the modem is used as an answer only
modem (receiving frequencies of 1070-1270 Hz). The
opposite configuraticn is true when the modem is in the
originate only mode of operation (transmit frequencies
of 1070-1270 Hz and -eceive frequencies of 2025-2225 Hz).

A design example is presented, with design tables and
equations to-solve for the modem system bandpass filter
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FIGURE 8 — Typical MC6860 Modem System

component values. A 6-pole answer filter is developed in
detail in this application note, whereas a 6-pole originate

filter has values tabulated only. Also tabulated are com- |
ponent values for 8-pole, 50-dB receive filters and 4-pole,
25-dB transmit filters.

A filter design may take one of many forms. The in- g
cluded design examples use a 0.5 dB ripple Chebyshev Chebyshev
approximation. The filter element configuration used is a Butterworth
multiple feedback bandpass as shown in Figure 9. As indi- Sl
cated in Figure 10, the Chebyshev filter will provide a high

degree of attenuation in the stop band, but with less
phase linearity than a Butterworth or Bessel filter. Linear Frequency (Hz)
phase or group delay in the passband is an important design

Gain (dB)

consideration for modem filter design. Error performance Ao i
and demodulator phase/bias distortion of the modem § Chebyshev
system is affected by unequal delay of data frequencies § Butterworth
within the filter passband. Therefore, it is important to o
provide filters that not only provide sharp stopband atten- § I Bessel
uation, but also provide some degree of phase linearity in i
' S
[
2
Cq Rg
Rq €3 Frequency (Hz)
G FIGURE 10 — Filter Approximation Characteristics
€in 2 €out
the passband. By designing the Chebyshev filter to have a
o b o wider bandwidth than required for FSK (frequency shift
keyed) data recovery, the designer can maximize phase
FIGURE 9 — Multiple Feedback Bandpass Filter El linearity within the required passband.
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Determining the minimum filter bandwidth comes by
investigating the received signal characteristics. Data com-
munication theory states that data transmitted by FSK
can be recovered by detecting the data carrier and the
first sidebands. At a data rate of 300 bits per second and
a data format of alternate mark and space, the first side-
bands occur +150 Hz from the carrier which is located
halfway between the mark and space frequencies. There-
fore, the minimum bandwidth for the receive bandpass
filter is 300 Hz. Typically, frequencies within this 300 Hz
bandwidth should undergo no greater than 0.8 millisecond
change in group delay. Group delay is defined by:

gzl 1
d=ZF 3609cycle

where A¢ = change in phase in degrees
AF = change in frequency in Hz

To maintain less. than 0.8 millisecond group delay at a
data rate of 300 bits per second requires an overall filter
bandpass of 400 Hz. This results in the low frequency
pair (answer) filter passband being between 970 Hz and
1370 Hz (6-pole, 0.5 dB ripple Chebyshev).

Filter Design Steps

The modem bandpass filter examples will be designed
using the following procedural steps:

(1) Determine the required prototype low pass filter
shape factor from the passband width and stop-
band attenuation.

(2) Enter Table 1 with the shape factor, passband

TABLE 1 — Complexity Nomograph for Chebyshev Filters (Zverev)
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ripple (Amax), and stopband attenuation (Amin),
to determine the order of the prototype lowpass
filter.

(3) From Table Z, determine the location of the pro-
totype low pass filter poles opposite the deter-
mined filter order.

(4) From-the low pass filter poles, determine their
natural frequency (w) and damping factor (£).

(5) Transform the low pass filter section parameters
to cascaded second order bandpass filter design
section Q and center frequency values.

(6) Determine the active element operational ampli-
fier gain by solving for center frequency loss and
system filter passband gain (Ay(Q)-

(7) Use each section Q, frequency, and gain to solve
for the bandpass filter passive component values.

Step (1) — Filter Shape Factor

Figure 11 shows a design example for a typical 6-pole
answer modem receive filter design. From this data, it is
possible to calculate the filter shape factor (£2g) for the
prototype filter.

_F4-F3 _ 2225115

QS_Fz— F; 1370-970 M)
szs:%(;l =528

TABLE 2 — Pole |.ocations and Quadratic Factors
(s2 + aqs + ag) for Chebyshev 0.5 dB Ripple Filter

0.5 dB Ripple
Order Poles ag aq
2 -0.71281 +j 1.00404 (1.51620 | 1.42562
3 -0.31323 +j 1.02193 |1.14245 | 0.62646

-0.62646

4 -0.17535 +j 1.01625 | 1.06352 | 0.35071
-0.42334 + j 0.42095 |0.35641 | 0.84668

5 -0.11196 +j 1.01156 |1.03578 | 0.22393
-0.29312 + j 0.62518 |0.47677 | 0.58625
-0.36232

6 -0.07765 + j 1.00846 |1.02302 | 0.15530

-0.21214 +j 0.73824 (0.59001 | 0.42429
-0.28979 +j 0.27022 |0.15700 | 0.57959
7 -0.05700 +j 1.00641 [1.01611 | 0.11401
-0.15972 + j 0.80708 (0.67688 | 0.31944
-0.23080 + j 0.44789 (0.25388 | 0.46160
-0.25617
8 -0.04362 + j 1.00500 |1.01193 | 0.08724
-0.12422 + j 0.85200 |0.74133 | 0.24844
~-0.18591 * j 0.56929 (0.35865 | 0.37182
-0.21929 +j 0.19991 [(0.08805 | 0.43859
9 -0.03445 + j 1.00400 | 1.00921 | 0.06891
-0.09920 + j 0.88291 |0.78936 | 0.19841
-0.15199 + j 0.65532 |0.45254 | 0.30397
-0.18644 + j 0.34869 |0.15634 | 0.37288
-0.19841
10 -0.02790 + j 1.00327 (1.00734 | 0.05580
-0.08097 +j 0.90507 |0.82570 | 0.16193
-0.12611 + j 0.71826 |0.53181 | 0.25222
-0.15891 +j 0.46115 |0.23791 | 0.31781
-0.17615 + j 0.15890 |0.05628 | 0.35230
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FIGURE 11 — Answer Filter Design Goals

where :

F1 = lower passband frequency in Hz
F2 = upper passband frequency in Hz
F3 = lower stopband frequency in Hz
F4 = upper stopband frequency in Hz

NOTE:

F| and F7 are ripple bandwidth frequencies,
i.e., gain down 0.5 dB.

Steps (2) and (3) — Filter Order and Pole Location

The second step of the filter design process was to deter-
mine the complexity of the filter. To determine this com-
plexity, the following information is required:

1. The passband ripple, Apax-

2. The minimum stopband attenuation, Amin-

3. The ratio of the ripple bandwidth and the first fre-

quency of minimum attenuation, shape factor Q.

With Amax = 0.5 dB, Apin = -35 dB, and Q5 = 5.28
enter the nomograph in Table 1 to determine the filter
complexity or order.

The nomograph is used by locating the passband ripple
Amax and the minimum stopband attenuation Apjn and
drawing a line from Apmax through Amjp to the left-hand
side of the graph. From this point, a horizontal line is
drawn to an-intersection of the vertical line value of g.
The minimum complexity or order, n, will be the n curve
that passes through or above this intersection. In our ex-
ample, the order n equals 3. This implies that the low pass
prototype filter will have 3 poles and, consequently, the
final bandpass filter will have 3 pole-pairs.

1 Table 2 gives the pole locations and quadratic factors
for a third order 0.5 dB passband ripple Chebyshev low
pass filter. -

The values obtained from Table 2 are:

-0.31323 £j1.02193  Complex conjugate pole

-0.62646 + jO Real pole
aQ = 1.14245 Characteristic of non s term
a] = 0.62646 Characteristic of s term

where the s term equation = (s2+ays+ta
quati 1 0

Step (4) — Lowpass Prototype Filter Natural Fre-

quencies and Damping Factors

Using the following relationships, solve for the natural
frequencies (w) and damping factors (£):

Pq )ﬁ — — — — +j 1.02193
|
s
P3 wo |
t =
-0.62646 -0.31323
:-- W15 -t
|
Ranletbiese Sl h.02193
w2 = (1.02193)2+(-0.31323)2 @)
w] =1.069
also, w] e =031323 : 3)
0:31323
1.069
£1=0.293

w22 =(0)2 + (-0.62646)2
wy  =0.62646
also, w2 £2=0.62646
STl

Step (5) — Filter Section Q and Center Frequency

The complex conjugate pole of the low pass prototype
is transformed into a pair of complex conjugate bandpass
poles, whereas the real pole of the low pass prototype is
transformed into a complex conjugate pair of bandpass

poles.
p2
i
P2 Py X
X X %
Pq P2,
va
= 3
P35 i
X P3 Bl 3
P34 X
LOWPASS BANDPASS

The bandpass filter will take on a form of three 2-pole
bandpass filter sections in cascade. When bandpass sections
are cascaded, each section center frequency and Q must be
determined from the low pass damping factors (§£) and
natural frequencies (w).

Given:

w]. =1.069,&1 =0.293
E1" =970:Hz, Fp =1370Hz

Then:
Fo =+/F]Fp=1152.78 Hz (geometric center) (4)
e :
Qp TE=o T (Filter Q) (5)
Qp =2.8819

12



Yielding:

Q] =9.345

Section 2 is a reflected image about F( of section 1 for
a 3 section cascaded filter (odd order). Recall that a third
order low pass when transformed to a bandpass results in
two pairs of complex poles (sections 1 and 2) from the
low pass complex pole and one pair of complex poles
(section 3) from the low pass real pole.

-

Q] =Q2=9345
For section 3:

F3 = Fg=1152.78 Hz CLL)
Step (6) — Center Frequency Loss and Filter Passband
Gain ;

The gain produced \by the active elements in the band-
pass filter should overcome loss due to the stagger tuned
filter sections. Each section of a cascade bandpass filter,
except the section centered about wq, has a loss as repre-
sented by Equation 12. The overall filter center angular
frequency w( (Equation 13), section Q, and section center
angular frequency w, (Equation 14) are required to deter-
mine each section’s center frequency loss. Once the indi-
vidual losses are determined, they are summed to arrive
at the total cascaded filter loss AyQ (jwQ).

This value is used in determining filter section gain such
that the designed bandpass filter meets design gain goals.

Q3 = Qo _ 2882 4.596 @) The receive filter block must amplify the minimum input
£292 (1) (0:627) line signal to a minimum required limiter input signal.
Center Frequencies:
Fi = MFg (8) Lnwo)
where; ¥ L Qn
AVO,, (jwo) dB loss == 20 log
Ty 02 2
e Gl L (£1w1Q1>2 1 ©) (wn* - wo<) +<M)
Qo Qo Qn
(12)
N (0.293) (1.069) (9.345) +
2.882 wo=2mvF1Fp (13)
=2nF
/ﬁo‘z%) (1069) 93457 2 o = by (14)
B s The following will illustrate the use of Equation 12 to
M = 1.1932, solve for the center frequency loss of the modem answer
F1 =(1.1932) (1152.78) = 1375.52 Hz filter example.
BUFFER
200 k
Modulator kel b BEPLEXER
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Tx O~
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© VRx F = -25dBmyi, @ 1070 -1270 Hz
(Minimum Limiter Input)

FIGURE 12 — System Level Constraints
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Section 1

wp =21+/(970) (1370) = 7.2431 x 103 rad/s  (15)
w] =2 (1375.52) = 8.6426 x 103 rad/s (16)
Q1 =9.345

(8.6426 x 103) (7.243 x 103)

: 9.345
[AvO1 («0) | 3B joss = 20 log > (17)
\/[(8.642 x 103) 2 (7.243 x 103) 2] * [(8 642 x 103) (7.243 x 103)] 2
; 9.345
- |AvO1 (iw0) | gB oss = 20 log (0.2886) Figure 12 illustrates the design goals that are used to
JAVO1 (©0) | 4 Joss = ~10-794 dB determine the receive filter passband gain for the answer
0ss -

only modem system. The answer filter provides 35 dB of
attenuation to 2225 Hz relative to the filter passband.
This results in -34 dBm of unwanted signal level being
present at the limiter input. To maintain a probability of
wQ =7.243 x 103 rad/s error (Pe) < 1 x 10-3, a signal-to-noise ratio at the limiter
w) =2m(966.1) =6.07 x 103 rad/s input must be greater than +12.12 dB. The theoretical
Q) =9.345 probab{llty of error (Pg) curve for non-coherent FSK is

determined by:

Section 2

[AVO2 (100) | 4B joss = 20 log (0.2886)

; 2 W
AVO2 (jw) =-10.794 dB Vs BWn
| l dB loss A BW,

Section 3 ' Pe =1/2e " 2 . (19)

where Vg = signal level

wp =7.243 x 103 rad/s Vi =noise level

w3 =7.243 x 103 rad/s ; BW,, = noise bandwidth (400 Hz)
Q3 =4.5% BWj = signal bandwidth (300 Hz)
[AVO3 (iw0) | 4B joss = 20 log (1)
|AvVO3 (jwo) ' ABlas 0dB, due to wp = wQ In calculating the voltage gain required by the receive
active filter block, the following constraints should be
The total filter center frequency loss is equal to the considered:
sum of all sectional losses. (a) The signal to noise performance required by the
modem system.
|AVO (j0) | 4B 1oss = (-10.79 dB) + (b) The receive limiter minimum input level while
(-10.79 dB) + (0 dB) (18) providing less than +4% deviation from a 50%
output duty cycle.
|AVO (iw0) | 4B joss = ~21-58 dB (c) The worst case receive input linég levels.

—Lom 32117k
23.89 k ]

0.01

$303.75 0.01 $125.72
S S 'k

sl

1/2 MC1458

632.2

All capacitors are in uF.

FIGURE 13a — Answer Filter Component Values
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(d) At the maximum input line levels, the designed
filter gain should not saturate any active stage of
the filter.

420[F y osds ]
Passband
£16 o
10} -13.0
fus]
8
£+6.0 2.0
@
)
o O —1.0
=1 0.8 ms Envelope
< Delay Distortion
5.0 ) 0
i 1
)
-10
-15 I i Ll fi 1 1l I I L

700 800 900 1000 11001200 1300 1400 1500 1600 1700
f, Frequency (Hz)

FIGURE 13b — Answer Filter Gain and Group Delay

The use of the MLM311 as a receive signal limiter
provides 40 dB of signal gain while maintaining a limited
output level having less than 2% deviation from a 50%
duty cycle with a -25 dBm applied input level (VRx F).

The telephone line receive level for the answer only
example ranges between -12 dBm and -48 dBm. An active
duplexer provides 6 dB of signal gain to these line levels
resulting in filter input levels (VRx D) between -6 dBm
and -42 dBm.

From the above information, the active filter must
provide the following passband gain.

AVO =|VRx Dmin| - |VRx Fmax| (20)

Ay =42dB-25dB = 17 dB passband gain

The amount of operational amplifier gain used in the
filter design is based on both the passband gain require-
ments and the filter center frequency loss.

AVOtotal = |AVO (passband)| +
|AyQ (center frequency loss)] (21)

AVOQtotal = 17 dB +21.58 dB = +38.58 dB
This requires that each of the three filter sections pro-

vide a gain of:

_+38.58 dB

AvO =+12.86 dB or 4.41 volts/volt. (22)

Step (7) — Filter Component Values

Now that each section gain, center frequency, and
design Q is known, the actual filter component values can
be calculated (reference Figure 9).

A¢/of, Group Delay (ms)

1651

Section 1:
By =1375:52'Hz
w]=8.6426 x 103 rad/s
Q1=9.345
AyQ] =441 (gain of section)

C3 =C4 =0.01 uF (using equal value capacitors)

20 _ 2(9.35)

R ited) = e
5 (uncomected) =2 ¢ = 22(1375.5) (1 x 10-5)

=2164kQ (23)
| SRS L Zillod ke
R (uncorrected) = Thvo @A
=24.5kQ (24)
RiRs
R ed)= et L,
2 (uncorrected) 2Q,2R|Rs

= (24.5k)(216.4 k)
4(9.35)2(24.5k).-2164 k

=6349Q (25)

These three resistor values, if used to initially imple-
ment the first bandpass section, would not produce exact
design goals. Filter response will shift due to non-ideal
operational amplifier parameters such as dc gain (AyQL),
gain bandwidth product (GBW),and input impedance (zjp).

To offset any shift in filter response, new values for
selection Q, gain and frequency should be calculated taking
into account the operational amplifier parameters. These
corrected values will be used to obtain new values for
Rs5, R1, and R, resulting in a filter response very near
design goals.

Corrected values for wp, Qp, and Ay(Q,, are calculated
using the following MC 1458 operational amplifier param-
eters.

AvOL = 1 x 105 volts/volt
GBW =1 x 105 Hz, 6.283 x 106 rad/s

zin =1 x 105 6hms
ey (26)
1-Q (GBW)
wC) =8.755 x 103 rad/s, 1393.4 Hz
Qi1
= = 27
b LT LR T B i
AvOL \zin GBW
Plugging in valuzs we obtain:
Qe =927
: . AVO1
A = 28
VOC ol 29 (RS e (28)
"AvoL "\zin ) GBW,
AVOC]i= 443



Using these corrected values of section center frequency,
Q, and section gain, solve for the corrected values of
Ri, Rp, and Rs:

_2Qc,
RS_OJCIC (29)
2(9.27)
Rs= : =211.7kQ
37 (8755 x 103) (1 x 10-8)
b RS
R1= 7avoc £
L2119 x 105
Rywisoton = 3380k0
RiRs 31)

274Qc, R -Rs

) (2.389 x 104) (2.117 x 105)
27 4927)2(2389x 10%) -2.117x 105

Ry=6322Q

Section 2 :

F2=966.1 Hz

w2 =6.07 x 103 rad/s
Q2 =9.345
Ay02=443
C3=C4=1x10-8F

Solving as in Section 1 using Equations 23 through 31,
we obtain:

w2 =6.1255 x 103 rad/s, 974.9 Hz
Qc2 =930

AvoC2=443

Rs5 =303.75 kQ

R| =34.28kQ

R =900.5 Q

Section 3:

F3=1152.73 Hz
w3=7.243 x 103 rad/s
Q3 =4.596
AvQ3 =441
C3=C4=1x108F

Solving as in section 1 and 2, we obtain:
w3 =7.281 x 103 rad/s, 1158.87 Hz
QC3=4.58
AyoC3 =441
R§=125.72 k2
R| =14.24kQ
R2=16769

The complete answer filter is shown in Figure 13a with
the filter response and envelope delay curves shown in
Figure 13b. If the filter is not optimum after construction,
it may be fine tuned by the following method.

In tuning filters, one of the most useful parameters is
thesensitivity of the filter to element variations. Sensitivity
is defined as a measure of the dependence of a network
upon the change of some parameter of the network. The
sensitivities of importance to the multiple-feedback band-
pass filter must relate Ry, R, and R5 to their effect upon
w( and Q. These sensitivities are:

9 ~1/2 (ratio, no units) (32)

Rs X%
wQ -1
e i iR T 33
R;  2(wp)? RiRs5C3C4 g
A0k o S oL N (34)
Ry  2(wp)2R2R5C3Cy
Q Rj ;
= bl g5 35
R;  2(R] +Ry) _/ (35)
L S, V) (36)
Ry 2(R]+Rp)
Qi (37)
Rs

In practice, R1 > R such that

Q
Ry
Q
S RT— 1/2

These sensitivities imply that to change section Q, R
should be adjusted. If Ry were increased, for example
20%, section Q will decrease. 10%. Notice that the sensi-
tivity of Q to changes in R and Rs is equal and opposite
in magnitude. This implies that if R7 and Rs are changed
by the same percentage, but in opposite directions, section
Q will not change. Also, as R is adjusted, it changes the
section center frequency by a ratio of -1/2.

Filter Tuning Procedure
Section Center Frequency:
(a) “Increase/decrease- R5 for a corresponding de-
crease/increase in section center frequency wq.
(b) Increase/decrease R by the same percentage of
increase/decrease applied to R5 in step (a) to
maintain constant sectionQ.

Section Q:
(a) Increase/decrease Ry for a corresponding de-
crease/increase in section Q.

ORIGINATE FILTER DESIGN

Basically, the originate receiving filter design procedures
are identical to the answer filter example. The one major
difference is that the filter center frequency is shifted
to accept 2025 — 2225 Hz signals. One might also note
that the second harmonics of the local transmit signals in
the originate mode (1070 — 1270 Hz) fall within and just



values for the 6-pole originate receive filter are:
Section 1:

F] =242581 Hz

Q1 =16.56
AyQ1=4.48
C3=Cq=1x10-8F
R =24.26 kQ
R2=199.76 Q
R5=217.258 kQ
Fp =1985.62 Hz
Q2 =16.67
Ay02=4.48
(3=C4=1x10-3F
R; =29.85k
Ry =24236Q
Rs =267.23 k2
Section 3:
F3 =2154.01 Hz
@3=18.32
Ay03=4.43
C3=C4=1x10-8F
R;=13.88kQ
R =458.85Q

Rs5=122913kQ

The complete 6-pole receive originate filter is shown
in Figure 14a, with the response and envelope delay curves
shown in Figure 14b.

8-POLE, -50 dB RECEIVE AND 4-POLE, -25 dB
TRANSMIT FILTER DESIGN

A complete full duplex modem system will most likely
require operation with input signals down to -50 dBm at
the line input. This requires a receive filter network having
at least 8 poles to provide the necessary attenuation to
adjacent duplex channel interference and a local transmit
filter having 4 poles to provide 25 dB local transmit signal
harmonic rejection. The construction of an 8-pole or 4-pole
filter takes on the same. cascaded form as the illustrated

+20

st —
+15 |- I 0.68dB -
Passband =
1ol =300 Hz BW- Ripple |, E
L . i :
o . SRR A VTNt ]
TH+5.0 |- \N 2.00
i Q
© A
a I 108
o 0= I 0.74 ms Envelope My
> Delay Distortion -
Leolf 4o %
J
“10} : . 2
1975 2275
-15 T P N [ S|

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600
f, Frequency (Hz)

FIGURE 14b — Originate Filter Gain and Group Delay

RECEIVE ORIGINATE
i 2 3
3142k | 39.54 k | 14.71 k
146.8 181.15 | 396.29
288.64 k|363.27 k [132.16 k

Section
Ry ()
Rp ()
Rg (£2)

16.1 k
432.32
144.66 k

RECEIVE ANSWER

1 2 3
31.08 k: | 46.34 k | 14.51 k
468.48 | 690.57 | 1397.94
283.33 k|422.31 k|131.38 k

Section
R4 (82)
Ro (Q)
Ry (92)

4
172.1 k
1643.88
154.8 k

TRANSMIT ORIGINATE
1 2
15.73 k | 20.56 k
1218.55 | 1586.55
180.47 k[ 170.47 k

TRANSMIT ANSWER

1 2
16.17 k| 18.78 k
366.95 | 423.79
133.25 k [154.81 k

Section
R4 (R2)
Ry (Q)
Rg (£2)

Section
Rq (22)
Ry (£2)
Rsg ()

Note: All Capacitors = 0.01 uF

FIGURE 15 — 8-Pole, -50 dB Receive and 4-Pole,
-25 dB Transmit Filter Values

0.01

242.5

$267.2 k —Lo.m 122.91
> k
01
/2 Mceass 5 0 1/2 MC1458
458.9

All capacitors are in uF.

FIGURE 14a — Originate Filter Component Values
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AUTOMATIC ANSWER/ORIGINATE MODEM SYSTEM

The filter design for a fully automatic answer/originate
modem system must have switchable bandpass character-
istics. By tabulating the previous component values for
both the answer and originate filters, one can draw some
conclusions on how to best switch the filter from one range
to the other. The following example uses the previous
derived values for the 6-pole receive filter. Figure 16 indi-
cates that switching in different values of Ry for all three
sections and a different value for R5 in the second section
would provide the required switchable answer/originate
filter. By adjusting the non-switched resistors to the average
value between the answer and originate filter values, the
more accurate the first switchable filter prototype will be.
A semiconductor switch is used to switch values of R2,and
operates in shunt to ground. The best choice for the shunt
switch is to use a low on-resistance bipolar device such as
the 2N3904. For switching R5 of section 2, a high off
resistance device is required due to the high series resistance
in the feedback path of the operational amplifier. An
MFE2005 N-channel junction FET was selected to do this

job. Figure 17a illustrates the fully automatic answer/ -

originate switchable filter system. Also shown are the
transmit buffer, duplexer, threshold detector, limiter, and
mode control level translator sections. The level translator,
which provides the correct on/off voltage levels to the
bipolar FET switches, receives its answer/originate com-
mand from the MC6860 modem mode control output pin.

The measured response and envelope delay for the switch-
able 6-pole receive filter design is shown in Figure 17b.

Figure 18 illustrates the complete modem system with
the RS-232 interface to the CBS data coupler, and the
direct interface to a CBT data coupler. Automatic dis-
connect option inputs are handled by PC board mounted
switches. The complete automatic modem, less the power
supply, may be easily constructed on a single 4 x 5 printed
circuit board.

CONCLUSION ;

A low-speed modem design has been presented using
the MC6860 LSI MOS digital Modem integrated circuit.
Included has been a system design example using filter
design tables and equations to develop a complete modem
system. Also included have been component values for
filter designs which may be used to develop full duplex
modem systems.

The availability of this LSI modem circuit along with
the presented filter designs should provide a very useful
building block for the OEM modem and terminal designers
by providing him precise digital modulation, demodulation,
and supervisory control. The modem designer will find
that a design approach using the MC6860 modem will
also provide an impressive system size reduction as well as
a better price-performance choice for his present and
future low speed modem designs.

Average
Answer Originate or Answer Originate
Resistor | 1070-1270 Hz | 2025-2225 Hz A Value Switched Switched
Rq1q 23.89 k 24.26 k 24.08 k 24.1 k 24.1k
Roq 632.2 199.76 A 432.4 632 200
Rsq 211.7 k 217.26 k 214.48 k 214.5 k 2145 k
R12 34.28 k 29.85 k 32.07 k 32.1 k 32.1k
Ra2 900.5 242.36 4658.2 900 242
Rso 303.75 k 267.23 k £.36.5 k 304 k 267 k
Rq3 14.24 k 13.88 k 14.06 k 14.06 k 14.06 k
Ro3 1676.9 458.85 1218.05 1677 459
Rs3 128,72 k 122.91 k 124.32 k 124.3 k 124.3 k

FIGURE 16 — Switchable Modem Filter Values
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DEVICE OPERATION AND SYSTEM {MPLEMENTATION
OF THE ASYNCHRONOUS COMMUNICATIONS
INTERFACE ADAPTER (MC6850)

Prepared by
Karl Fronheiser
Computer Applications Engineering

This application note prcovides ACIA
operational information beyond that in-
cluded in the data sheet, specifically,
information on power-on -eset/master
reset operation and status register opera-
tion. System implementation examples
and their associated software are also
iliustrated and discussed. One of these
examples is a data communication appli-
cation using the MC6860 Modem.
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DEVICE OPERATION AND SYSTEM IMPLEMENTATION OF THE
ASYNCHRONOUS COMMUNICATIONS INTERFACE ADAPTER (MC6850)

INTRODUCTION

Microcomputer systems must be provided with an
efficient means of communicating with peripheral equip-
ment such as modems, teletypes, CRT terminals, and
keyboard/printers. The microcomputer manipulates paral-
lel data byte information at high speeds relative to the
slow speed asynchronous data format required for com-
municating with peripherals. Therefore, an efficient inter-
face adapter to convert the processor parallel data byte
information into a serial asynchronous data format and
vice-versa is a highly desirable system function. This
relieves the microprocessor of this time-consuming task.
A device providing the above data formatting/interface
function is the MC6850 Asynchronous Communications
Interface Adapter (ACIA). One side of the ACIA is directly
compatible with Motorola’s MC6800 (MPU) micropro-
cessor bus while the other side is compatible with peri-
pherals that use an asynchronous data format.

The asynchronous data format characteristics are used
by the ACIA to establish bit and character synchronization
in the absence of a clock that has been pre-synchronized
to the data. An asynchronous data format consists of a
serial bit stream with the data bits preceded by a start bit
and followed by one or more stop bits. The ACIA con-
vertsa character which was serially received from peripheral
equipment to a parallel byte with the start, stop, and
parity bits deleted from the character. Also, the parallel
bytes from the microprocessor are converted to a serial
form with start, stop, and optional parity bits appended to
the character. Performing these functions in hardware
outside of the processor enables the microprocessor to
more efficiently communicate with peripheral equipment
by using a minimum of software overhead.

The ACIA consists of control, status, transmit data
and receive data registers; data bus buffers; transmit and
receive shift registers; and peripheral control as shown in
the block diagram of Figure 1. Since basic operational
information on the ACIA is contained in the ACIA data
sheet, this application note will provide additional infor-
mation to supplement the data sheet with a minimum of
repetitive information. The first section of this note pro-
vides a description of the operation of the transmitter and
receiver portions of the ACIA with reference to appropriate
timing diagrams. The second section covers the aspects of
the power-on and master reset functions for initialization
of the ACIA. The third section covers a detailed description
of the ACIA status register bits. The fourth section covers

22,

a system implementation of the ACIA as a data communi-
cations link in a microcomputer based system. The last
section provides examples of the software requirements for
initializing the ACLA, and the transmit/receive subroutines
for the transmission of data. Additional application infor-
mation on Motorola’s MPU family is available in the
“M6800 Microprocessor Applications Manual.”

TRANSMITTER/RECEIVER OPERATION

This section covers the internal transmitter/receiver
operation of the ACIA as well as the timing relationship
between characters being transmitted or received and
their associated status register bits. It should be noted
that prior to the transmission and/or reception of data,
the ACIA must be initialized as described in the ‘“Power-
on Reset/Master Reset” section.

Data is transferred to/from the four internal registers
of the ACIA ‘on the trailing transition (negative edge) of
the signal on the enable input (E). For example, a write
data command (RS = 1, R/W = 0) transfers data into the
transmit data register on the trailing transition of the enable
input signal. In a typical MPU based system, the enable
input signal is generated from the ANDing of the Valid
Memory Address (VMA) and ¢2.

Transmitter

In a typical transmitting sequence, a character is written
into the Transmit Data Register (TDR) if a status read
operation indicated the TDR was Empty (TDRE). The
write data command (trailing edge of the enable pulse)
causes the TDRE status bit to go “low” indicating a
transmitter data register full condition. During an idling
(absence of data transmission) condition, the transfer of
data from the TDR to the transmit shift register will take
place within one data bit time. This results in a delay (due
to internal operation of the ACIA) in the transmission of
the character from the Transmit Data Output with respect
to the write data command of one to two data bit times
as shown in Figure 2. The trailing edge of the internal
transfer signal returns the  TDRE status bit to a “high”
level indicating a Transmitter Data Register empty con-
dition. The transmitter shift register serializes the data and
transmits the data bits, starting with data bit DO, preceded
by a start bit and followed by one or two stop bits. Also,
internal parity (odd or even) can be optionally added by
the ACIA and will occur between the last data bit and
the first stop bit.



Transmit Clock 4 Clock Parity
Enable 14 ——+ Gen Gen
Read/Write 13 Chip
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FIGURE 1 — ACIA Block Diagram
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The start, data, and stop bits are shifted out of the
transmit shift register on the negative transition of the
external transmit clock which is coincident with the
negative transition of the internal clock. Selection of the
external clock frequency is based on the data transmission
rate and clock division ratio of the ACIA. For example, a
data transmission rate of 300 bits/s requires an external
clock frequency of 300 Hz in the +1 mode and 4800 Hz
in the +16 mode (16 times the data rate). There is no
requirement on the duty cycle of the transmitter clock
except with respect to the minimum clock pulse width
specification listed on the data sheet.

After the first character has been loaded into the TDR,
the status register can be read again to check for a Trans-
mit Data Register empty condition and the current
peripheral status. If the transmit data register is empty,
another character can be written -into the TDR even
though the first character is still being shifted out of the
shift register, due to double buffering being used within
the ACIA. Referring to Figure 2, the second character is
transferred to the transmit shift register during the last
stop bit time of the first character resulting in a contigious

transmission of characters (isochronous transmission). If

the second character is not written into the TDR prior to
the last stop bit time of the character being transmitted,
the transmitter will return to an idling condition at the
end of that character time.

During the transmission operation, word ]ength and
stop bit select may be changed any time except during
the .internal transfer time without affecting the character
being transmitted. The even/odd parity select will imme-
diately affect the character presently being transmitted.

Also, changes in word length and parity select will effect
the reception of data by the receiver.

Since the control register containing the above functions
is common to both the transmitter and receiver sections,
these functions for the transmitter must be changed when
the receiver is not receiving data, i.e., idling. This control
register consideration must also be adhered to for trans-
mission between a local transmitter and a remote receiver.

Receiver

In many asynchronous data communications systems,
the data is transmitted in a random manner without any
additional synchronization signal. Therefore, the start and
stop elements of the asynchronous characters are used to
establish both bit and character synchronization. The
receiver generates an internal clock that is synchronized
to the data from an external clock source (Rx Clock).
As with the transmitter portion, the selection of the
external clock frequency is based on the received data
transmission rate and clock division ratio of the ACIA.
For example, a data transmission rate of 300 bits/s requires
an external clock frequency of 4800 Hz (16 times the
data rate) in the +16 mode, and 19,200 Hz (64 times the
data rate) in the +64 mode. (The +1 mode requires external
synchronization and is explained separately in a following
paragraph.)

Bit synchronization in the +16 and +64 modes is ini-
tiated by the leading mark-to-space transition of the start
bit. The start bit on the receiver data input is sampled
during the positive transitions of the external clock as
shown in Figure 3. If the input remains at a “low” level
for a total of 9 separate samplings in the +16 mode or
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33 samplings in the +64 mode, which is equivalent to more
than 50% of a bit time, the bit is assumed to be a valid
start bit. This start bit is shifted into the shift register on
the negative edge of the internal clock. Once a valid start
bit has been detected, bit and character synchronization
are obtained and the remaining bits are shifted into the
shift register at their approximate midpoints.

If the receiver input returns to a mark state during the
start bit sampling period, this false start bit is ignored and
the receiver resumes looking for the mark-to-space tran-
sition of a valid start bit; this technique is referred to as
false start bit deletion. The ACIA monitors the start bit
on an incremental sampling basis rather than on a con-
tinuous sampling basis. This technique is a desirable
feature for operation within a noisy environment and
stems from the fact that a noise pulse occurring anywhere
in a continuous sampling technique would initialize the
monitoring logic; whereas in an incremental sampling tech-
nique, the noise pulse must occur during the sample
to initialize the monitoring logic. The receiver will repeat
this process for synchronization of each character in
the message.

Divide-by-1 mode selection will not provide internal
bit synchronization within the receiver. Therefore, the
external receive clock must be synchronized to the data
under the following considerations. The sampling of the
start bit occurs on the positive edge of the external clock
and the start bit is shifted into the shift register on the
negative edge of the external clock, as shown in Figure 4.
For higher reliability of sampling, the positive transition
of the external clock (sampling point) should occur at the
approximate midpoint of the bit interval. There is no
requirement on the duty cycle of the external receive
clock except that the clock must meet the minimum

pulse width requirement as noted on the ACIA data sheet.

After the start bit has been detected, the remaining
portion of the character being received is checked. for
parity, framing, and overrun errors. The complete reception
of the character procluces a “high” on the Receiver Data
Register Full (RDRF) status bit, indicating that the receiver
data register is full (Figure 5). The received character is
transferred to the Receive Data Register (RDR) with the
start, stop, and parity bits stripped from the character.
At the same time, any receive data errors (parity, overrun,
framing) are available in the status register in accordance
with the status register definitions. The RDR is oriented
such that the first data bit received is available on the DO
output. The receiver is double buffered so that one
character may be rezd from the data register as another
character is being received in the shift register. During the
reception of data characters, the absence of the first stop
bit of the character will not result in the receiver losing
character synchronization but will indicate a framing
error. The above receive process is repeated for each
character in the total message.

POWER-ON RESET/MASTER RESET

The ACIA contains an internal power-on reset circuit
to detect the power line turn-on transition and to hold the
ACIA in a reset stale until initialization is complete to
prevent any erroneous output transitions from occurring.
In addition to initializing the transmitter and receiver
sections, the power-on reset circuit holds the CRS and
CR6 bits of the control register at a logic 0 and logic 1,
respectively. When CRS = 0 and CR6 = 1 as defined by
the ACIA data sheet, the Request-to-Send (RTS) output
is held “high” and an interrupt from the transmitter is
disabled. The power-pn reset logic is sensitive to the shape
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Status Register

TABLE 1 — Reset Functions

POWER-ON RESET

MASTER RESET
(Release Power-On Reset)

MASTER RESET
(General)

b7 b6 b5 b4 b3 b2 b1 b0
0 000X X 00

b7 b6 b5 b4 b3 b2 b1 b0
0 000X X 00

b7 b6 b5 b4 b3 b2 b1 b0
0 000X X 00

Held by Power-On Reset =

TRQ Output 1 1 1
RTS Output 1 AT X
Transmit Break Capability Inhibit 7 Inhibit Optional
Internal: RIE o X X
TIE 0 M 10 X
‘Defined by Control Register

(X-Independent of Reset function)

of the Vpp power supply turn-on transition. To insure
correct operation of the reset function, the power turn-on
transition must have a positive slope throughout its
transition. The conditions of the status register and other
outputs during a power-on reset or software master reset
are shown in Table I.

The internal ACIA power-on reset logic must be released
prior to the transmission of data by performing a software
master reset function via the control register. Control
Register bits CRO and CR1 are used to program a master
reset condition while the remaining control register bits
provide other functions in accordance with the ACIA data
sheet. The internal power-on reset logic will inhibit any
change in bits CR5 and CR6 of the control register. There-
fore, the control word that generates the master reset
function clearing the internal power-on reset will not
change the RTS output or the Internal Transmit Interrupt
Enable (TIE), as reflected in Table 1. Also, the state of
the Receiver Interrupt Enable (RIE) bit of the control
register has no external effect because the receiver is
initialized by the master reset function.

After master reset of the ACIA, the programmable
control register can be set for a number of options such
as variable clock divider ratios, variable word length, one
or two stop bits, parity (even, odd, or none). Also, bits
CRS5 and CR6 of the control register are no longer inhibited
and can now be programmed for several options as defined
on the ACIA data sheet.

During the initialization of the ACIA, the master reset
function can be optionally used to establish a communi-
cations link without generating an interrupt from the
transmitter or receiver sections. For example, the first
control word, XXXXXX11-LSB (X = don’t care) resets
the power-on reset logic. To maintain a reset condition,
the second control word, X01XXX11-LSB holds the trans-
mitter and receiver in a reset state and produces a “low”
on the RTS output. The RTS output may be used to enable
a local modem. The local modem, upon detection of a
remote modem’s carrier, will generate a “low” on the
Clear-to-Send (CTS) input of the ACIA. Since the CTS bit
of the status register reflects the present status of the
CTS input, the establishment of the communications link
can be verified by reading the status register of the ACIA.
For a more detailed description of this system application,
refer to the system implementation section.
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STATUS REGISTER

ACIA status information is available to the MPU through
the bus interface by means of the ACIA Status Register.
Status information comes from three sources: the receiving
section, the transmitting section, and the peripheral
status inputs.

Receiver Status

Receive Data Regisfer Full (RDRF), Bit 0 — A logic
“high” level on the RDRF bit indicates that data has been
transferred to the Receive Data Register and that the
received data can be read from the ACIA. Reading the
Receive Data Register causes the RDRF status bit to go
“low”, as shown in Figure 5. A “low” on the Data Carrier
Detect (DCD) input enables the RDRF status bit to be
generated from a Receive Data Register full condition. A
“high” on the DCD input or a master reset condition will
force the RDRF status bit to a “low” state until the
DCD input returns to a “low” state. This is independent
of the state of the status register DCD bit. ’

Transmitter Status

Transmit Data Register Empty (TDRE), Bit 1 — The
write data command (see Figure 2) causes the TDRE status
bit to go “low”, indicating a data register full condition.
An internal transfer signal transfers the data from the
Transmit Data Register to the Transmit Shift Register and
causes the TDRE bit to go “high”, indicating a Transmit
Data Register Empty condition as shown in Figure 2. The
TDRE bit contains the present status of the Transmit
Data Register when the Clear-to-Send (CTS) input is in
a “low” state.

Peripheral Status

Data Carrier Detect (DCD), Bit 2 — A “high” level on
the DCD input, indicating a loss of carrier causes: (1) the
DCD status bit to go *“‘high”; (2) the RDRF bit to be inhib-
ited (“low”); and (3) immediate initialization of the
receiver. When the Receive Interrupt Enable (RIE) is set,
a loss of carrier will cause: (1) an interrupt to occur (IRQ
output goes “low”), and (2) the IRQ status register bit
to go “high”. The characteristics of the DCD status bit
and the associated IRQ status bit are as follows, with
reference to the six segments in Figure 6, where each
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segment represents a specific condition. (Note: The IRQ
output is the inverse logic level of the TRQ status bit.)
Segment (1) — A master reset of the ACIA resets the
interrupt status bit (IRQ) generated by a loss of carrier.
Segment (2) — If the DCD input goes “high” during a
master reset condition, the DCD status bit will reflect
the state of the DCD input. Segment (3) — After an
interrupt has occurred from a loss of carrier, the IRQ and
DCD status bits (provided the DCD input has returned to
a “low” level) are reset by first reading the Status Register
and then reading the Data Register. Segment (4) — If the
DCD input remains “high™ after a read status and a read
data, the TRQ bit will be cleared but the DCD status bit
remains “high” and will follow the state of the DCD input.
Segment (5) — If a read status occurs when the DCD input
is “low” followed by a loss of carrier (DCD input goes
“high’’) prior to the read data command, this read data
command will not reset either the IRQ or DCD status bits.
The next read status followed by a read data will reset the
IRQ status bit. Segment (6) — A transition of the DCD
input during a read status or read data command is not

recognized until the crailing edge of the read command.
The DCD input to the ACIA must be tied “low” if it is
not used.

Clear-to-Send (CT%), Bit 3 — The CTS status bit con-
tinuously reflects the state of the CTS input. A “high”
on the CTS input will inhibit the TDRE status bit and
associated interrupt status bit (IRQ). The CTS input has no
effect on a character being transmitted from the shift
register or the character in the Transmit Data Register
(the transmitter is not initialized). Also, the CTS bit is not
affected by a master reset. The CTS input to the ACIA
must be tied “low” if it is not used.

Framing Error (FE), Bit 4 — A framing error indicates
the absence of the first stop bit of a character resulting
from a loss of character synchronization, faulty trans-
mission, or a ‘“‘break’ (all spaces) condition. If one of the
above conditions is present, the internal receiver transfer
signal will cause the FI2 bit to go “high”. The next internal
transfer signal will cause the FE status bit to be updated
for the error status of the next character, as shown in
Figure 7. A “high” on the DCD input or a master reset
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will disable and reset the FE status bit.

Overrun Error (OVRN), Bit 5 — A “‘high” state on the
OVRN status bit indicates that a number of characters
were received but not read from the Receive Data Register,
resulting in the loss of a character/or characters. The OVRN
status bit is set when the last character prior to the overrun
condition has been read. The read data command forces
the RDRF and OVRN status bits to go “high” if an
overrun condition exists. The next read data command
causes the RDRF and OVRN status bits to return to a
“low” level. During an overrun condition, the last character
in the Receive Data Register that was not read subsequent
to the overrun condition is retained since the internal
transfer signal is disabled. Figure 8 illustrates the timing

read cycle because no automatic status reset will occur.
The response of the system to a status word will depend
upon the status bit read. Should a status change not be
registered, it can be read during the next read status cycle.

SYSTEM IMPLEMENTATION

In a microcomputer based system, an address map of
the system identifies the block of memory allocated for
the system program, stack storage location, interrupt
locations, peripheral addresses, etc. The ACIA requires
two addresses in the MPU system for addressing its four
registers: control, status, transmit, and recieve. To select a
register within the ACIA requires the appropriate logic
levels on the chip select inputs (CSO, CS1, CS2), register

Read Status
Command

xpae | [1 23 avevel | [T23ase7a] | [1234866738]
Char 1
Transf
gt o
RDRF [ 1 "

Read Data
Command

RD#1 RD#1

Overrun Error

FIGURE 8 — Overrun Error

events during an overrun error condition. A “high™ state
on the DCD input or a master reset disables and resets
the OVRN status bit.

Parity Error (PE), Bit 6 — If the parity check function
is enabled, the internal transfer signal causes the PE status
bit to go “high” if a parity error condition exists. The
parity error status bit is updated by the next internal
transfer signal, as shown in Figure 7. A “high’ state on
the DCD input or a master reset disables and resets the
PE status bit.

Interrupt Request (IRQ), Bit 7 — A “high™ level on
the TRQ status bit may be generated from three sources:
transmitter, receiver, and loss of carrier. (a) Transmitter —
if the transmitter interrupt enable (TIE) is active, the
state of the TDRE status bit is reflected by the IRQ status
bit (refer to TDRE, Bit 1); (b) Receiver — if the internal
receiver interrupt enable (RIE) is active, the state of the
RDREF status bit is reflected by the IRQ status bit (refer
to RDRF, Bit 0); (c) Data Carrier Loss — a loss of
.carrier (logic “high” level) on the DCD input generates

an interrupt on the TRQ status bit if RIE is active (refer

to DCD, Bit 2).

The above status information is accumulated in a ran-
dom asynchronous manner. Because of the asynchronous
nature for updating status, it is possible that-the status
word will change before, during, or after the reading of the

status register. This presents no problem during a status _
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select input (RS), and read/write control input (R/W).
The R/W output line provided by the MPU (MC6800) is
used to control writing to and reading from peripheral
interface devices or memory. In addition, the R/W control
selects one of the read or write registers in the ACIA. A
combination: of the chip selects and register select inputs
can be used to minimize the amount of address decoding
logic required for each peripheral. For example, the four
Boolean combinations of address lines A14 and A15 select
blocks of memory locations as shown in Figure 9. Assigning
these blocks specific functions such as RAM, ROM, and
peripheral devices forms a memory map of the system. In
this example, the peripheral devices are assigned to addres-
ses between 8000 and BFFF (hexadecimal notation).
Assigning address bit A15 to CSO and address bit Al14 to
CS2 selects a peripheral device when A15 = “1” and
A14="0". Since the ACIA requires two addresses, the use
of address bit A0 for the RS input assigns two consecutive
addresses for selection of the ACIA’s four internal registers.
Connecting the CS1 input to one of the other address lines
allows the selection of 13 different peripherals without any
additional decoding logic.

The peripheral side of the ACIA provides a means by
which a microcomputer can efficiently control a peripheral
device requiring an asynchronous serial data format. This
format is generally used in (but not confined to) low and
medium transmission rate systems — 1800 bps and below.
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FIGURE 9 — Address Specification

A teletype is an example system which has a transmission
rate of 110 bps or 10 char/s. An interface device is required
between a teletype and an ACIA to convert the TTL
compatible levels of the ACIA to the 20 mA current loop
of the teletype. A non-complemented data teletype inter-
face requires an optical coupler (4N33) with the addition
of logic inverters, as shown in Figure 10. Other teletype

The ACIA provides z means to control a modem for the
transmission of data t¢ and from a remote terminal, such
asa teletype, over the telephone lines. The modem function
can be implemented with a low speed modem, MC6860,
as shown in Figure [2. The MC6860 modem uses a
frequency shift keying (FSK) technique for the trans-
mission of data up to a maximum data rate of 600 bps. A
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FIGURE 10 — Teletype Interface

options such as RS-232 can be easily interfaced to the
ACIA with RS-232 interface devices (MC1488, MC1489),
as shown in Figure 11.

Rx Data C' Serial Out
ACIA RS-232
MC6850 Me1aeg Compatible
Tx Data Serial In TTY
MC1488
FIGURE 11 — RS-232 Interface 5
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typical system consists of a local modem and a similar
modem at the remote terminal. The local modem con-
verts the digital data from the ACIA to analog form for
transmission over the telephone lines. Likewise, analog
data received from the remote modem is converted back
to digital form by the local modem for use by the micro-
computer system via the ACIA. Refer to application notes,
AN-731,AN-747 and th: MC6860 data sheet for a detailed
description of the modem and its operation.

Since the MC6860 does not provide automatic dialing,
the telephone channel must be established by manual means
or through the use of external automatic dialing equip-
ment. The procedure for accomplishing the handshaking



FIGURE 12 — ACIA to Modem Interface

between the local modem and remote modem after the
telephone channel has been established is as follows.
Under program control, the local modem is enabled via
the Request-to-Send (RTS) output of the ACIA which is
connected to the Data Terminal Ready (DTR) input of the
modem. Since the remote modem has answered the phone
due to a ring detection, it has transmitted back a hand-
shaking carrier frequency to the local modem. Upon the
detection of the remote modem carrier frequency, the local
modem enables its Clear-to-Send (CTS) output. The CTS
output of the modem is tied directly to the CTS input
of the ACIA and the state of this input is available as a
status bit. Therefore, under program control, the com-
pletion of the handshaking between the local and remote
modem can be verified by reading the status register.
After modem handshaking is completed, data can be trans-
mitted and received over the telephone lines under program
control of the microcomputer system. Since a low speed
modem such as the MC6860 provides only a CTS output,
the CTS and DCD inputs of the ACIA in this example
were tied together such that a communications link dis-
connect could be detectable in either the transmitting or
receiving subroutines. The software section of this note
provides additional information on the handling of the
CTS and DCD status bits.

Medium speed modem systems may independently
utilize both the CTS and DCD inputs. Ina four wire system,
the CTS input indicates the status of a transmit-only pair
of wiresand the DCD input indicates the status of a receive-
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only pair of wires. Also, in a four wire system, the loss of
channel establishment on one pair of wires does not pre-
vent the unidirectional transmission of data on the other
. pair of wires.
In eithera low speed or a medium speed modem system,
the RTS output of the ACIA should not be taken “‘high”

until the last character is completely received by the
remote system. However, the ACIA does not provide a
word complete output indicating that the last character
loaded has been completely transmitted out so that the
modem may be disabled. The word complete function can
be generated by loading a “dummy” character into the
ACIA and then reading the status register for a transmit
data register empty condition indicating that the “‘dummy”
character has been transferred to the shift register. This
provides an indication that half the stop bit of the last
data character has been completely transmitted. Taking
the RTS “high” does provide a means for disabling the
local modem, but care should be taken to ensure that the
last character has been read by the remote system prior
to disabling the modems.

As the microcomputer system is expanded with more
peripheral devices requiring more processing time, it be-
comes increasingly difficult to service each peripheral in
the time available. One method to increase the efficiency
of the system is to use an interrupt driven system. In an
interrupt driven system, each interface adapter of the MPU
family has an interrupt output (IRQ) that is wire-ORed to
the other interface adapters to generate a common inter-
rupt to the MPU. An interrupt from any of the interface
adapters causes the MPU to jump to an interrupt address
after it has finished processing its present instruction. The
contents of the interrupt address contains the address of
the subroutine to service the interrupt. The MPU then
executes the interrupt routine, which samples the status
register of each interface adapter. The ACIA provides an
IRQ status bit that is located in the D7 position of the



status register (sign position for numbers) such that
only one MPU instruction, BMI (Branch if minus), is
required to determine if the transmitter or receiver portion
of that particular ACIA was generating the interrupt.
Once it is determined that an ACIA is generating the
interrupt, the TDRE and RDREF status bits can be checked
within their individual subroutines to determine the specific
reason for interrupt. The control register can be program-
med to inhibit an interrupt from either the transmitter
or receiver portions depending on the intended use of
the ACIA.

An MC14411 CMOS Bit Rate Generator (BRG), which
has 16 standard communication clock rates available, pro-
vides a clock source for the ACIA. The receiver and trans-
mitter sections of the ACIA have separate clock inputs to
provide independent transmission rates, if desired.

SOFTWARE

Since the internal registers of the ACIA and other
MPU interface adapters look like memory locations to
the MPU, there is no need for special instructions in the
MPU instruction set when using interface adapters. The
MPU instructions most commonly used for writing infor-
mation into the ACIA and reading information out of
the ACIA are the store (STA) and load (LDA) instructions,
respectively. A store instruction causes the read/write
(R/W) output of the MPU to go “low” while a load
instruction causes the R/W output to go “high”. Assigning
consecutive addresses with address bus bit AQ tied to the
ACIA Register Select input (RS) along with the R/W input
allows access of one of the four ACIA internal registers in
accordance with Table II. For example, an STA instruction

ADDRESS* STA LDA
LOCATION INSTRUCTION INSTRUCTION
(Hexadecimal Notation) (R/W =0) (R/W=1)
8400 Control Register Status Register
RS = A0O=0
8401 Transmit Regi R ive Regi:
RS=A0=1

*AQ tied to RS
TABLEAZ — ACIA Register Selection

to address 8400 (hexadecimal notation) performs a write
to the ACIA control register whereas an LDA instruction
to the same address performs a read of the ACIA
status register.

Software Initialization Routine

The ACIA must be initialized prior to transmitting and
receiving data. During a power-on transition, an internal
power-on chip reset (latch) holds the IRQ output “high”
to prevent the ACIA from interrupting the MPU or trans-
mitting erroneous information(Ref. Table I). The power-on
reset function is released by master resetting the ACIA.
A master reset is accomplished by storing a word with
bits BO and Bl equal to “one” into the Control Register.
After master resetting, the control register is programmed
to set the counter divide ratio, word length, parity, inter-
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rupt control, etc., vhich completes the initialization of
the ACIA.

Transmit and Receive Software Routines

After completion of initialization, the ACIA can then
be used for transmitting and receiving data. Due to the
length of data messages, the transmission of data is
normally handled in subroutines to reduce the duplication
of instructions. Typical examples for transmit and receive
subroutines, flow diigrams, and source statements are
shown in Figures 13 and 14, respectively.

Referring to the transmit subroutine, the contents of
the ACIA status register are loaded into the accumulator
of the MPU. Under program control, a character is stored
into the ACIA for transmission if the transmitter data
register is empty. Control is then returned from the sub-
routine back to the main program by an RTS instruction.
If the transmitter data register is not empty (TDRE = 0)
indicating the transmit data register is full or that the CTS
input is “high”, inhibiting the TDRE status, the CTS
status information which was previously loaded into the
accumulator should be checked for its condition. This
step is not required when the CTS input is permanently
held “low”. In a system using a modem, a “high” on the
CTS input indicates that the modem data carrier is not
present or was lost, requiring the re-establishment of the
communications channel. A “low” on the CTS status
register bit indicates the TDR is full and allows the status
register to be re-read in a loop manner until the TDR
becomes empty. When a TDR empty indication occurs, the
character stored in tte TDR and control is returned to
the main program.

Referring to the receive subroutine, there is a similarity
of its flow diagram to the transmit routine. The first step
in the receive routine is to load the contents of the status
register into the accumulator of the MPU. If the receive
data register is not full (RDRF = 0), it indicates that the
register is empty or that the receiver is inhibited by the
DCD input being “high”. Therefore, the DCD status bit
which was previously loaded into the accumulator should
be checked under program control for its condition (this
step is not required when the DCD input is permanently
held “low”). In a medium speed modem system, a “‘high”
on the DCD input during character reception indicates
that the receive carrie- was lost and the communications
channel would have to be re-established. The DCD status
bit is reset back to 2 “low” state when: (1) the DCD
input has returned “low”’; (2) by a master reset; or (3) by
reading the Receive Data Register after having read the
status register. If the DCD status bit is “low”, the status
is re-read in a loop manner until the receive data register
is full. When a logic “1” is read from the RDRF status
bit position (BO), indicating that a character was received,
the status regarding the framing, overrun, and parity errors
of the received character is available. A received character
status error could provide for re-transmission of the
message, or implement error correction techniques. If
there are no errors in the character received, the Receive
Data Register is read and control is returned from the
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subroutine to the main program via an RTS instruction.

In an interrupt driven system, the ACIA can be pro-
grammed to generate an interrupt from the transmitter or
receiver sections independently. For example, an interrupt
from only the transmitter section can be achieved by
enabling the transmitter interrupt enable (CRS = 1,
CR6 = 0), and disabling the receiver interrupt enable
(CR7 = 0). This results in an interrupt being generated
when the Transmit Data Register is empty (TDRE = 1).
Therefore, the condition of the Transmit Data Register
Empty bit is known and there is no need to examine the
condition of this bit as shown in the transmit data sub-
routine in Figure 13.

As demonstrated in the program examples, only the
STA and LDA instructions are required to access one of the
four internal registers within the ACIA. However, there
are other instructions such as the CMP (compare) instruc-
tion that can be used with the ACIA. Since the registers in
the ACIA are either write-only or read-only registers, the
MPU instructions that perform an automatic rewrite should
not be used with the ACIA; this would result in the
selection of two registers from one instruction. The MPU
instructions that should not be used during ACIA operation
are: ASL, ASR, COM, DEC, INC, LSR, NEG, ORA, ROR,
and ROL.

NEXT 1 LDA A STACON Load Status
Bougine ASR A Shift RDRF Bit to C-Bit Position

BCS FRAM Check RDRF Bit

ASR A

ASR A Shift DCD Bit to C-Bit Position

BCC NEXT1 Check DCD Bit

BR ERROR 2 Carrier Loss — Branch to Error Routine
FRAM ASR A

| ASR A Shift FE Bit to C-Bit Position

BCC OVRN Check FE Bit

BR ERROR 3 Framing Error — Branch to Error Routine
OVRN ASR A Shift OVRN Bit to C-Bit Position

BCC PAR Check OVRN Bit

BR ERROR 4 Overrun Error-Branch to Error Routine
PAR ASR A Shift PE Bit to C-Bit Position

BCC R Data Check PE Bit

BR ERROR 5 Parity Error-Branch to Error Routine
R DATA LDA B TXRX Load B Register with Data

RTS Return From Subroutine

CONCLUSION

FIGURE 14 — Flow Diagram and Source Statements for
Receive Subroutine
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The ACIA provides a cost effective approach for adding

asynchronous data communications links to computer,

minjcomputer, and microcomputer systems. The memory-
like registers of the ACIA enable a processor to transmit
and receive data via the ACIA without the need of special
1/0O instructions. The ACIA also provides modem I/O con-
trol for the transmission of data to remote sites over the
telephone network. Included has been a detailed discussion
on the ACIA status register along with software program ex-
amples, such that the ACIA user can effectively and effi-
ciently apply this part in his data communications system.
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This application note describ2s several
analog-to-digital conversion systems imple-
mented with the M6800 microoarocessor
and external linear and digital IC’s.
Systems consisting of an 8- and 10-bit
successive approximation approach, as
well as dual ramp techniques of 3%- and
4'%-digit BCD and 12-bit binary, are
shown with flow diagrams, source pro-
grams and hardware schematics. System
tradeoffs of the various schemes and
programs for binary-to-BCD and BCD-to-
7 segment code are discussed.
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Analog-To-Digital

Conversion Techniques

with the M6800

Microprocessor System

INTRODUCTION

The MPU (microprocessing unit) is rapidly replacing
both digital and analog circuitry in the industrial control
environment. It provides a convenient and efficient
method of handling data; controlling valves, motors and
relays; and in general, supervising a complete processing
machine. However, much of the information required by
the MPU for the various computations necessary in the
processing system may be available as analog input signals
instead of digitally formatted data. These analog signals
may be from a pressure transducer, thermistor or other
type of sensor. Therefore, for analog data an A/D (analog-
to-digital) converter must be added to the MPU system.

Although there are various methods of A/D conversion,
each system can usually be divided into two sections — an
analog subsystem containing the various analog functions
for the A/D and a digital subsystem containing the digital
functions. To add an A/D to the MPU, both of the sec-
tions may be added externally to the microprocessor in
the form of a PC card, hybrid module or monolithic chip.
However, only the analog subsystem of the A/D need be
added to the microprocessor, since by adding a few
instructions to the software, the MPU can perform the
function of the digital section of the A/D converter in
addition to its other tasks. Therefore, a system design
that already contains an MPU and requires analog infor-
mation needs only one or two additional inexpensive
analog components to provide the A/D. The micropro-
cessor software can control the analog section of the A/D,
determine the digital value of the analog input from the
analog section, and perform various calculations with the
resulting data. In addition, the MPU can control several
analog A/D sections in a timeshare mode, thus multi-
plexing the analog information at a digital level.

Using the MPU to perform the tasks of the digital sec-
tion provides a lower cost approach to the A/D function
than adding a complete A/D external to the MPU. The
information presented in this note describes this tech-
nique as applied to both successive approximation (SA)
A/D and dual ramp A/D. With the addition of a DAC
(digital-to-analog converter), a couple of operational
amplifiers, and the appropriate MPU software, an 8- or
10-bit successive approximation A/D is available. Ex-
pansion to greater accuracies is possible by modifying the
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software and adding the appropriate D/A converter. The
technique of successive approximation A/D provides
medium speed with accuracies compatible with many
systems. The second technique adds an MC1405 dual
ramp analog subsystem to the MPU system and, if desired,
a digital display to produce a 12-15 bit binary or a 3%- or
4%.-digit BCD A/D conversion with 7-segment display
readout. This A/D technique has a relatively slow conver-
sion rate but produces a converter of very high accuracy.
In addition to the longer conversion time, the MPU must
be totally devoted to the A/D function during the conver-
sion period. However, if maximum speed is not required
this technique of A/D allows an inexpensive and practical
method of handling analog information.

Figure 1 shows the relative merits of each A/D conver-
sion technique. Listed in this table are conversion time,
accuracy and whether interrupts to the MPU are allowed
during the conversion cycle.

This note describes each method listed in Figure 1 and
provides the MPU software and external system hard-
ware schematics along with an explanation of the basic
A/D technique and system peculiarities. In addition, the
MPU interface connections for the external A/D hardware
schemes are shown. These schemes are a complete 8-bit
successive approximation and a 3%-digit dual ramp A/D
system, both of which externally perform the conver-
sion and transfer the digital data into the MPU system
through a PIA.

For additional information on the MC6800 MPU sys-
tem or A/D systems, the appropriate data sheets or
other available literature should be consulted.

MPU

The Motorola microprocessor system devices used are
the MC6800 MPU, MCM6810 RAM, MCM6830 ROM and
MC6820 PIA (peripheral interface adapter). The following
is a brief description of the basic MPU system as it per-
tains to the A/D systems presented later in this appli-
cation note.

The Motorola MPU system uses a 16-bit address bus
and an 8-bit data bus. The 16-bit address bus provides
65,536 possible memory locations which may be either
storage devices (RAM, ROM, etc.) or interface devices
(PIA, etc.). The basic MPU contains two 8-bit accumu-
lators, one 16-bit index register, a 16-bit program counter,
a 16-bit stack pointer, and an 8-bit condition code regis-
ter. The condition code register indicates carry, half
carry, interrupt, zero, minus, and 2’s complement over-
flow. Figure 2 shows a functional block of the
MC6800 MPU.

The MPU uses 72 instructions with six addressing
modes which provide 197 different operations in the
MPU. A summary of each instruction and function with
the appropriate addressing mode is shown in Appendix A
of this note.



Successive Approximation Dual Ramp
8-Bit 10-Bit 8-Bit 12-Bit 3%-Digit 4%-Digit 3%-Digit
Characteristic Software Software | Hardware Software Software Software Hardware
MC1405
8-Bit DAC |10-Bit DAC | 8-Bit DAC MC14435
External Hardware Op Amp Op Amp SAR* MC1405 MC1405 MC1405 MC14558
Comparator| Comparator| Op Amp (for 7-segment
Comparator display)
183 us
Conversion Rate 700 us 1.25 ms 60 us 165 ms 60 ms 600 ms (min) for
Constant | Constant | for MPU, (max) (max) (max) MPU, plus
plus A/D Variable Variable Variable A/D
Conversion Conversion
Time Time
Interrupt Capability Allowed Allowed Allowed Not Not Not Allowed
Allowed Allowed Allowed
Number of Memory Locations Required 106 145 42 84 296 328 58
(Including PIA Configuration)
Serial Output Available Yes Yes Yes No No No No
*Successive Approximation Register
FIGURE 1 — Relative Merits of A/D Conversion Techniques

The RAMs used in the system are static and contain
128 8-bit words for scratch pad memory while the ROM is
mask programmable and contains 1024 8-bit words. The
ROM and RAM, along with the remainder of the MPU
system components, operate from a single +5 volt power
supply; the address bus, data bus and PIAs are TTL
compatible.

The MPU system requires a 2¢ non-overlapping clock
with a lower frequency limit of 100 kHz and an upper
limit of 1 MHz.

Vsg (Ground) — 7 0 [ Reset
Hait — I— Three-State Control
Phase 1 Clock — 7 0 [ Not Used
Tnterrupt Request — I— Phase 2 Clock
Valid Memory Address — o [~ Data BusEnable
Non-Maskable Interrupt = [ 1 ‘I — Not Used
Bus il -—1 — Read/Write
15 0
Ve (+5 Volt Power) —f — DO
A0 —f }— D1
ATt 2 % o2
a2 o5 | o
A3 — 7 9 |-pa S
A4 — — D5
Address A5 — — D6
Lines A6 ] L o9
ALt L A15
A8 — — Al14 Address
A9 — — A13 Linss
A10 —f — A12
A1l — — Vgg (Ground)

FIGURE 2 — MPU Pin Functions
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The PIA is the interface device used between the ad-
dress and data buses and the analog sections of the A/D.
Each PIA contains two essentially identical 8-bit inter-
face ports. These ports (A side, B side) each contain three
internal registers that include the data register which is
the interface from taie data bus to the A/D, the data
direction register which programs each of the eight
lines of the data register as either an input or an output,
and the control register which, in addition to other func-
tions, switches the data bus between the data register and
the data direction register. Each port to the PIA contains
two addition pins, CA1 and CA2, for interrupt capa-
bility and extra I/O lnes. The functions of these lines are
programmable with the remaining bits in the control
register. Figure 3 shows a functional block of the
MC6820 PIA.

Each PIA requires four address locations in memory.
Two addresses access either of the two (A or B sides)
data/data direction registers while the remaining two
addresses access either of the two control registers.
These addresses are decoded by the chip select and regis-
ter select lines of the PIA which are connected to the
MPU address bus. Selection between the data register and
data direction register is made by programming a “1” or
“0” in the third least significant bit of each control regis-
ter . A logic “0” accesses the data direction register while
alogic “1” accesses th: data register.

By programming ‘'0”s in the data direction register
each corresponding line performs as an input, while
“1”s in the data direction register make corresponding
lines act as outputs. The eight lines may be intermixed
between inputs and outputs by programming different
combinations of “1’¢ and “0”s into the data direction
register. At the beginning of the program the I/O configu-
ration is programmed into the data direction register, after
which the control register is programmed to select the
data register for I/O ogeration.
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8 Data 8 Data
Lines from Control Lines From Control
Peripheral Lines Peripheral Lines
—— —— e —_——
e G o A e
b ———— b ——— ]
PAO _— PA7 CA1 CA2 PBO - PB7 CB1 cB2
Peripheral Peripheral
Data Data
Register A Register B
Data Direction Data Direction
Register A Register B 0" = Input
5] i ] [ ) | ] e ) ) T S G—{ | ves (Grouna)
1" = Output Ve
Control Control (+5 Volt Power)
Register A Register B
IRQA Reset R/W DO E E RS1 RSO IRQB cso cs1 Cs2
Interrupt Reset Read Enable “ Interrupt =
AtoMPU  From or 8 Data From Register 8 to MPU Shis
MPU Write Lines MPU Select | Select
From to MPU From MPU From MPU
MPU Address Address
Lines Lines
FIGURE 3 — PIA Functions

The printouts shown for each A/D program are the
source instructions for the cross assembler from the
Motorola timeshare. Since the MPU contains a 16-bit
address bus and an 8-bit data bus, the hexadecimal num-
ber system provides a convenient representation of these
numbers. Although the assembler output is in hexadeci-
mal, the source input may be either binary, octal, decimal
or hexadecimal. A dollar sign ($) preceding a number in
the source instructions indicates hexadecimal, a percent
sign (%) indicates binary and an at sign (@) indicates octal.
No prefix indicates the decimal number system.

Only the beginning addresses of the program and labels
are shown in the source programs. These beginning ad-
dresses may be changed prior to assembling the total
system program or the programs may be relocated after
assembly with little or no modification.

SUCCESSIVE APPROXIMATION TECHNIQUES
General

One of the more popular methods of A/D conversion is
that of successive approximation. This technique uses a
DAC (digital-to-analog converter) in a feedback loop to
generate a known analog signal to which the unknown
analog input is compared. In addition to medium speed
conversion rates, it has the advantages of providing not
only a parallel digital output after the conversion is com-
pleted but also the serial output during the conversion.

Figure 4 shows the block diagram and waveform of the
SA-A/D. The DAC inputs are controlled by the successive
approximation register (SAR) which is, as presented here,
the microprocessor. The DAC output is compared to the
analog input (Vjp) by the analog comparator and its
output controls the SAR. At the start of a conversion
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the MSB of the DAC is turned on by the SAR, producing
an output from the DAC equal to half of the full scale
value. This output is compared to the analog input and if
the DAC output is greater than the input unknown, the
SAR turns the MSB off. However, if the DAC output is
less than the input unknown, the MSB remains on. Fol-
lowing the trial of the MSB the next most significant bit
is turned on and again the comparison is made between
the DAC output and the input unknown. The same cri-
teria ‘exists as before and this bit is either left on or
turned off. This procedure of testing each bit continues
for the total number of DAC inputs (bits) in the system.

After the comparison of each bit the digital output is
available immediately thus providing both the -serial
output as well as the parallel output at the end of the
conversion. The serial output provides the MSB first,
followed by the remaining bits in order. The total con-
version time for the SA-A/D is the time required to turn
on a bit, compare the DAC output with the input un-
known and, if required, turn the bit off, multiplied by
the total number of bits in the A/D system. The conver-
sion time is hence constant and unaffected by the analog
input value.

One SA-A/D shown in this note uses an 8-bit DAC
(MC1408) to produce an 8-bit A/D;a second version uses
a 10-bit DAC (MC3410)* to produce a 10-bit A/D.
Both of these are used in conjunction with the-MPU as
an SAR. In addition, the MC1408 is shown with the
MC14549 CMOS SAR as a convert-on-command system
under control of the MPU. All of these A/Ds produce a
binary output. However, by adding the appropriate soft-
ware a BCD output or 7-segment-display outputs are
available. Also by using a BCD-weighted DAC, the BCD
output can be produced directly.

*MC3410 to be annoﬁnced
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8-Bit SA Program

The flow chart for the 8-bit MPU A/D system is shown
in Figure 5; Figures 6 and 7 show the software and the
hardware external to the microprocessor. The DAC
used is the MC1408L-8 which has active high inputs and a
current sink output. An uncompensated MLM301A
operational amplifier is used as a comparator while an
externally compensated MLM301A or internally com-
pensated MC1741 operational amplifier is used as a buffer
amplifier for the input voltage. The output voltage com-
pliance of the DAC is 0.5 volt; if the current required by
the D/A does not match that produced from the output
of the buffer amplifier through R1 and R2, then the DAC
output will saturate at 0.5 volt above or below ground,
thus toggling the comparator. The system is calibrated by
adjusting R1 for 1 volt full scale, and zero calibration is
set by adjusting R3.
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FIGURE 5 — 8-Bit Si Approxi
A/D Flow Diagram

The first MPU instruction for the 8-bit A/D is in line
45 of Figure 6. After assembly, this instruction will be
placed in memory location $0A00 as defined in the
assembler directive of line 42. The assembled code for
this program is relocatable in memory as long as the PIA
addresses and storag: addresses ‘are unchanged. The
program as shown requires 106 memory bytes. Source
program lines 45 through 53 configure the PIAs for the
proper input/output configuration. PIA1BD is used for
various control funciions between the MPU system
and the external hardware. The exact configuration of this
PIA is shown in lines 228 through 33 of Figure 6. PIA1AD
provides the 8-bit output needed for the DAC. Lines 51
through 53 set bit 3 o the PIA control register to access
the data register for the actual A/D program.
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Lines 55 and 56 set the conversion finished flag, which
consists of a LED on the hardware schematic, after
which the program enters a loop in lines 63-65 which
causes the MPU to wait until the cycle input line goes
high. (This feature could be eliminated if the program was
a subroutine of a larger control program.) In this case,
when a conversion was to be made the control program
would go to the A/D subroutine and return with the
digital results. Lines 68 and 69 clear the PIA-A which is
connected to the DAC inputs and an internal memory
location. This memory location is used as a pointer to
keep track of which bit of the DAC is currently being
tested. Next the conversion finished line is reset indicating
a conversion is in process and the carry bit of the condi-
tion code register is set. The memory location POINTR is
then rotated right in line 79, moving the carry bit of the
condition code register into the MSB of that memory
location. Line 80 is a conditional branch that determines
if all 8 bits of the DAC have been tested. After nine
rotations of POINTR the carry bit will again be set
indicating all 8 bits have been compared. '

Program lines 81 through 83 load the previous DAC
value into an accumulator and the next DAC bit is turned
on for the comparator test. An 8 us delay produced by

the NOP instruction of lines 87 through 90 allows the
DAC and comparator to settle to a-final value before the
comparator test of lines 91 and 92. At this point if the
comparator was high the Yes loop is executed, which
generates a simulated clock pulse and a serial output
“1”. If the comparator was low, lines 95 through 101 are
executed, resetting the bit under test and generating a
simulated clock pulse and a serial output of “0”. The
three NOP instructions of the Yes loop equalize the
execution time between the high and low comparator
loops. After completion of either the high or low com-
parator loop, the A accumulator which contains-the new
digital number is stored in PIA1IAD and in a RAM mem-
ory location labeled ANS. Then the next bit of the DAC
is tested in the same manner and this procedure is contin-
ued until all eight DAC inputs have been tested. When this
has occurred the program returns to line 55 where the
conversion finished flag is “set” and the MPU awaits the
next cycle input from PIA1BD.

The total conversion time is 700 us for the 8-bit con-
verter assuming a 1 MHz MPU clock frequency. The simu-
lated clock pulse is 7 us wide and can be used to indicate
when to sample the serial output.

FIGURE 6 — 8-Bit SA Software (Page 1 of 3i
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FIGURE 6 — 8-Bit SA Software (Page 3 of 3)
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« FIGURE 19 — 4%-Digit Dual Ramp Software CP. 5of 5)

External Dual Ramp System !
The final dual ramp A/D system to be discussed uses

' the MC1405 with an MC14435 CMOS dual ramp digital

subsystem to provide a complete A/D converter external
to the MPU system. This system provides an inexpensive

~ A/D that is easily interfaced to an MPU system through
a PIA and requires a minimum number of additional
~software instructions for control. Also, the micropro-

cessor is available for performing other tasks during the
A/D conversion. 4
When the MPU requires analog information, the data
is brought into the MPU system through a PIA and placed
s
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in memory for further use. The flow of this information
is under control of the-MPU system via an interrupt

program. Figures 20 and 21 show the external devices -

with the MPU and the software instructions required to
start the conversion and transfer the data from the A/D.
Like the external successive approximation method de-
scribed previously, this dual ramp technique reduces the
number of MPU instructions required and increases the
throughput of the overall MPU system. However, the
increase in exterrnal hardware may offset these advan-
tages. Also, additional external hardware is required for
autopolarity and a 7-segment display.




FIGURE 8 — 10-Bit SA Software (Page 3 of 3)
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External SA System

The third successive approximation program, shown in
Figures 10 and 11, uses an MC1408 DAC with the
MC14549 CMOS SAR for a convert-on-command A/D
system. This system is controlled by the MPU through the
CAl and CA2 PIA pins to start a conversion and store the
results of this conversion in memory when the conversion
is finished. The 8-bit data word from the A/D is brought
in to the MPU system through PIA1AD. The advantages
of this A/D system are that a minimum number of soft-
ware instructions are required, a higher speed conversion
is possible, and the MPU may be performing other tasks
-during the conversion. The disadvantage is a higher parts
count and increased cost. i

: The program for this A/D, shown in Figure 11, is
written as a subroutine of a larger program. This larger
program is simulated with the instructions of lines 28

through 31. The subroutine starts in line 34, unmasking
the interrupt input on CA1l and setting CA2 high. (For
additional information on use of the CAl and CA2 lines,
see the MC6820 data sheet.) CA2 initiates the conversion.
Line 35 is a dummy read statement necessary to clear the
data register of the interrupt bit associated with the CAl
input line. Then a wait for interrupt instruction stores the
stack in anticipation of the A/D conversion being com-
pleted. When the conversion is finished the CA1l line is
toggled by the EOC output of the MC14549 and the
program goes to line 43 where CAl is masked and CA2 is
set low, thus stopping any further conversion sequences
by the A/D. The digital results are loaded into the A accu-
mulator through PIA-A and stored in memory location
TEMP. Then the MPU returns from the interrupt and
finally returns from the subroutine.

The entire sequence requires 60 us plus the conversion
time of the A/D.
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FIGURE 10 — 8-Bit SA Using External Hardware
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DUAL RAMP TECHNIQUES

Another commonly used method for A/D conversion is
the dual ramp or dual slope technique. This approach has
a longer conversion time than that of the successive ap-
proximation method. The conversion time period is also
variable and input voltage dependent. However, this
method yields an A/D converter of high accuracy and
low cost. §

‘As the name implies the dual ramp method consists of
two ramp periods for each conversion cycle. Figure 12
shows the basic waveforms for the dual ramp A/D. The

‘ratio in time of the ramp lengths provides a value repre-
senting the difference between a reference and an un-
known voltage. During time period T1, the input un-
known is integrated for a fixed time period (fixed number
of clock cycles). The integrator voltage increases from the
reference level to a voltage which is proportional to the
input voltage. At the end of this time period a reference
voltage is applied to the input of the integrator causing
the integrator output voltage to decrease until the refer-
ence level is again reached. The number of clock cycles
that are required to bring the integrator output voltage
back to the reference level is proportional to the input
unknown voltage.




The dual ramp converters discussed here use the
MC1405 analog subsystem in conjunction with the
M6800 MPU system. The MC1405 provides the integra-
tor, comparator and reference voltage required for the
analog functions of the dual ramp A/D. The analog device
also adds an offset current to the integrator input during
the ramp up time period to stabilize small voltage read-
ings. The digital section of the A/D must subtract an equiv-
alent number of counts to produce a zero reading display
output for a zero input. The interface between the analog
and digital subsystems consists of two control lines.
These are the comparator output from the analog part,
which indicates whether the ramp is above or below the
reference level, and a ramp control output from the
digital part to switch the integrator input between the
input unknown voltage and the reference voltage. The
control of these lines, offset subtraction, and calcu-
lations with the resulting data must be handled by the
digital subsystem, which in this case is the MPU.

‘For additional information on the dual ramp technique
for A/D, consult the data sheet for the MC1405.
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FIGURE 12 — Dual Ramp Waveforms
12-Bit Dual Ramp Program

This version of the dual ramp A/D generates a 12-bit
binary output from a 1 volt full scale analog input. Fig-
ures 13, 14 and 15 show the flow chart, MPU software
and external hardware. The interface of the PIAs used for
this A/D is shown both on the schematic and in lines 16
through 22 of the source program. Lines 25 and 26 indi-
cate the two memory locations where the final 12-bit
binary result is stored. These locations are $0000 and
$0001. The four most significant bits are in location
$0000 while the remaining eight bits are in $0001.

Referring to the software of Figure 14, the first in-
structions (lines 37 through 42) initialize the PIA for its
input/output configuration. Source program lines 46
through 49 set the ramp control line of the MC1405
and check the comparator output from the MC1405 to
insure that the integrator output is below the reference
level at the start of a conversion. Next the “conversion
finished” flag is set indicating a conversion ready status.
Then the MPU enters a loop (lines 55 through 57) waiting
for a cycle input (PB1) from the PIA. When this condi-
tion occurs the conversion finished flag is reset while the
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ramp control line (PB2) goes low, thus starting a con-
version cycle. In addition, the index register has been
loaded with $2000 which will be decremented to provide
the ramp up timing period. When the ramp crosses the
threshold level the comparator (PB7) change from low to
high causes the MPU to enter the timing cycle of lines
67 through 69. The index register is continuously decre-
mented until reaching zero, at which point the ramp con-
trol line (PB2) to the MC1405 is set high (line 74) and the
index register is incremented (line 75). This loop contin-
ues until the integrator output again reaches the threshold
level. Line 76 of the ramp down cycle is a dummy state-
ment included to equalize the timing between the ramp
up and ramp down time periods. The proper timing ratio
(2:1 in this example) must be maintained for correct
A/D operation.

After the termination of the ramp down time period
the content of the index register is stored in memory
locations $0000 and $0001 (line 82). Next the offset
counts are subtracted (51210) from this result by sub-
tracting $01 from memory location $0000. The result is

PIA Initialization

=

1

Set
Conversion
Finished

Yes

Comparator Test
for Ramp-Up
Threshold

!

Ramp Up

i

Ramp Down
Comparator Test

!

512 Count
Subtraction

Set
Overrange
Indicator

:

FIGURE 13 — 12-Bit Binary Dual Ramp A/D Flow Diagram




then stored back into the same memory location. Lines 86

and 87 check the contents of memory location TEST for

a number greater than 409510. If this condition occurs,
the overrange, conversion finished, and ramp control
bits are set high. Otherwise the MPU branches back to line
50 where only the conversion finished and ramp control
bits are set high. The program then checks the status of
the cycle input waiting for the next conversion.

When assembled, the first instruction will be located
at $0A00 with 84j0 memory locations required. The
full scale conversion time is 165 ms assuming a 1 MHz
clock in the MPU system.

47

As with all MC1405 designs, the integration capacitor
must be large enough to insure that the integrator does
not saturate during the ramp up time period. The value of
this capacitor depends upon the power supply voltage
applied to the MC1405 and the ramp up time period.
The MC1405 data sheet contains the equations for calcu-
lation of this capacitor. The MC1405 is capable of oper-
ating on a single +5 volt power supply; however, a +15
volt supply voltage is recommended to decrease the inte-
grator capacitor size. When using 15 volts the comparator
output must be clamped at 5 volts to prevent damaging
the PIA inputs.




3

FIGURE 14 — 12-Bit Dual Ramp Software (P# 20f2)
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FIGURE 15 — 12-Bit Binary Dual Ramp A/D Hardware
3%-Digit Dual Ramp Program binary number is converted to a BCD number. The tech-

The flow chart, source program and hardware for a
3%-digit system are shown in Figures 16, 17, and 18
respectively. Referring to Figure 17, the basic conversion
routine of lines 96 through 135 in this program is similar
to that of the previously discussed 12-bit binary system.
The initialization of the index register in line 108 has been
changed to increase the ramp up time period. The basic
conversion results in a binary number as did the 12-bit
version previously discussed. This binary result is con-
verted by the software routine in lines 144 through 180
to produce 3%-digit BCD output. This routine converts
up to a 16-bit binary number to the equivalent BCD value.
Also the BCD result is converted to a 7-segment display
code for use in a LED or LCD readout system. Another
feature of the 3%-digit A/D program shown here is a
polarity detection scheme. This allows the A/D to handle
both positive and negative input voltages.

The external hardware for the 3%-digit A/D requires
two full PIAs; one of the four ports is used for interface
to the MC1405, cycle input, overrange flag, etc. An I/O
configuration similar to that of the 12-bit binary A/D is
used. The remaining three ports of the PIAs are used for
the 3%-digit display, as shown in Figure 18b.

The conversion initially produces a binary result
which is stored in memory locations MSB and MSB+1.
This result has 10010 offset counts subtracted, and then a
polarity check is made. If the polarity that is currently
being applied to the input of the MC1405 is positive, the

. which checks for a maximum of a BCD

nique used for binary-to-BCD conversion is described in
Appendix B. The BCD results are stored in memory
locations UNTTEN and HNDTHD. Each of these memory
locations contains two BCD words. Following the conver-
sion, an overrange test is made in lines 183 through 186
“1” in the upper
four bits of memory location HNDTHD. If an overrange
condition occurs, the program branches to lines 227

. through 234 where a 19991 is placed in the display and
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the overrange flag in PIA1BD is “set”.

After the overrange test the BCD code is converted to
a 7-segment code and stored in the memory location for
each PIA port. Segments A through G use PIA outputs O
through 6 while the half digit output uses PIA2BD output
PB7. The conversion technique for BCD-to-7 segment
utilizes a look-up table in line 251 with the indexed mode
of addressing to access the table. Each of the three full
BCD digits is converted to the 7-segment code by first
separating the lower BCD and upper BCD word and using
the BCD code as the least significant byte of a two byte
address for the look-up table. This address is then loaded
into the index register and used to locate the correspond-
ing 7-segment code. In the case of the upper BCD digit of
each BCD, the memory must be shifted left four times for
correct addressing of the look-up table. Finally, the half
digit output is added to PIA2BD in lines 197 through 226.

Should the MC1405 have the incorrect polarity on its
input, a polarity reversing relay is operated by toggling the



CA2 output of PIA1BC control register. Then the conver-
sion is restarted, this time with a positive input polarity.
The polarity detection instruction is found in line 131.
If after the offset count subtraction in lines 129 and 130

line 236 where the CA2 line is toggled. Also due to the
difference in a positive polarity conversion and a negative
polarity conversion a short delay loop has been added in
lines 238 and 239 to improve accuracy at very small

input voltages.

The entire 3%-digit A/D requires 296 memory loca-
tions but can be reduced if the BCD-to-7 segment de-
coding is performed external to the MPU system. With a
1 MHz MPU clock frequency this program has a full ~
scale conversion time of 60 ms.

PIA Initialization
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Set Conversion
Finished

Yes

the condition code carry bit is “set”, the MC140S has a
negative input voltage. This occurs when the negative in-
put subtracts from instead of adding to the offset current
in the MC1405 and does not allow the ramp down time
period to reach at least a value of 1001( counts. If the
carry bit has been “set” then the program branches to
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FIGURE 16 — 3%-Digit Dual Ramp A/D Flow Diagram
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FIGURE 17 — 3%-Digit Dual Ramp Software (Page 5 of 5)
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FIGURE 18 — 3%-Digit Dual Ramp A/D Hardware
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The microprocessor software for a 4%-digit dual ramp
A/D is shown in Figure 19. This, program in an extensio
of the 3%-digit A/D just discussed and has a full scale
input voltage of 1.9999 volts. Due to the addition of the

- extra digit, a fourth PIA port for the 7-segment display
is required. The PIA port configuration used for ramp
control, comparator, etc. is identical to that‘used in the
3%-digit A/D.

The addition of the extra digit also implies ,a,l»mger, :

ramp up time period which is produced by increasing the
initialization of the index register in line 115. This longer

ramp up time period also requires the change of the extra
count subtraction statements of lines 137 and 138 to

mamtain the extra count subtraction of 10% ramp up
e. Also, the longer ramp up time period will require a

£ lamgr.r integration capaciwr to pmvmt saturation of the

MC1405 integrator. This is of course, assuming the same

‘MPU clock frequency. The remainder of the A/D external

hardware is unchanged except for the addition of the
fourth full digital display. Figure 18a can be used for the
43%-digit A/D without modification, and Figure 18b can
be used with only the addition of another digit.

The software for the bmary-to-BOD converter remains
the same for the 4%4-digit A/D since it is capable of han-
dling up to 16 bits. The conversion routine for BCD-to-7
segment code must be modified to handle the extra digit
‘although the same basic technique is retained.
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10-Bit SA Program i

Figures 8 and 9 show the MPU software and external
hardware for a 10-bit successive approximation A/D using
the MC3410 DAC. The operation of this A/D is very
similar to that of the 8-bit A/D. Both the A and B halves
of a PIA are required for the DAC output while the con-
trol lines (comparator, conversion finished, etc.) are also
identical to that of the 8-bit A/D previously discussed.
The pointer for indicating which bit is currently under
test is contained in two memory locations, PONTR1 and

| PONTR2. The pointer i initialized in lines 63 and 64 and

as before, it is continuously shifted to the left as each bit
is tested. Lines 72 through 77 and lines 89 through 101
operate on both halves of the PIA, “setting” and “re-
setting” the DAC bits under test. The final answer is
stored in the two PIA memory locations as well as two
internal memory locations (ANS1 and ANS2). »

By using the appropriate DAC and changing line 63 of
the software program, the 10-bit SA D/A can be modi-
fied for 9-16 bit A/D operation.
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FIGURE 20 — 3%-Digit Dual Ramp Using External Hardware

CA1l

One port of a PIA is required for the interface to the
MPU. The I/O configuration of this PIA is shown in lines
18 through 25 of the source program (Figure 21). The
output of the MC14435 digital subsystem consists of
three multiplexed BCD digits with the half digit output
provided on a separate pin. The three most significant bits
of the PIA port are connected to the digit select lines of
the MC14435 while the four LSBs are connected to the
BCD lines of the MC14435. The remaining PIA bit is
connected to the half digit output. Lines 36 through 39
. simulate the main MPU program which branches to the
A/D subroutine starting in line 42. When this occurs the
display update pin of the MC14435 (CA2) is set low
which allows only the next data update to enter the
MC14435 output latches. The wait for interrupt (WAI)
instruction (line 44) stores the MPU stack and waits
until the comparator output causes an interrupt on CA1.

At this point the processor is interrupted and vectored
to the program beginning at line 50 causing it to demulti-
plex the BCD data on the output of the MC14435. The

least significant digit (LSD) is first selected by the pointer
of lines 50 and 51. When a low condition on this LSD
line occurs, the BCD data is stored via the indexed mode
of addressing in memory location $0100. The pointer is
then shifted to the next position (line 57) and when the
digit select line goes low the BCD data is stored in the
next sequential memory location ($0101). Then the
MSD BCD value is placed in memory location $0102
when the MSD digit select goes low. After the multiplexed
BCD data has been placed in memory, the half digit is
placed in memory location $0103. At this point the
display update line to the MC14435 is returned to a high
position and the MPU returns from the interrupt and
then from the subroutine back to the main program which
requested the data.

A minimum of 183 us is required to transfer the A/D
data to the MPU. This time period is dependent upon
the A/D clock frequency which controls the digit se-
lect lines. ]
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FIGURE 21 — 3%-Digit External Dual Ramp Software (Page 2 of 3)
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FIGURE 21 — 3%-Digit External Dual Ramp Software (Page 3 of 3)

SUMMARY

Many MPU systems require analog information, which
necessitates the use of an A/D converter in the micro-
processor design. This note has presented two popular
A/D techniques used in conjunction with the M6800
microprocessor system. These techniques, successive
approximation and dual ramp, were shown using the
MPU as the digital control element for the A/D system.
This required dedication of the MPU to the A/D function
during the conversion. Also shown were systems using
the MPU to control the flow of data from an external A/D
allowing the MPU to perform other tasks during the
conversion.

The variety of programs presented allow the designer
to make a selection based upon hardware cost, conver-
sion speed, memory locations and interrupt capability.
Although the A/D programs shown here are complete
designs, they are general designs and may be tailored
to fit each individual application. Also a variety of digital
outputs are available including binary, BCD, and
7-segment. In conjunction with the BCD output a 16-bit
binary to BCD conversion routine is presented in
Appendix B.
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APPENDIX A

MPU INSTRUCTIONS
A L and M y Instructi MODES BOOLEAN/ARITHMETIC OPERATION COND. CODE REG.
IMMED DIRECT INDEX EXTND IMPLIED (Al register labels slaj3|2]1]0
OPERATIONS op ~ #lop ~ =[op 5 =[op ~ z|OP ~ = IStaraaaniants e b
Add ADDA |88 2 2|9 3 2(AB 5 2(BB 4 3 A+M—=A tleft|s]tfs
ADDB ca .7 2|08, 3 2[Es 55 2/ E8id 3 B+M—B tle|tfsft]t
Add Acmitrs ABA 1B 2 1 |A+B-A tleft|tf{t|t
Add with Carry ADCA 89 2 2[99 3 2|A3 5 2|BY 4 3 A+M+C—A tlo|tftft]s
ADCB €92 “z2|pel @ 2liE8tTh . 2 |FF9 3 B+M+C—~B tleft|t]tft
And ANDA 84 2 294 3 2|A4 5 2(B4 4 3 A-M-=A efo(titiR|e
ANDB ¢4 2 dlpais 2Es 8] 2| Ee e E B-M-B ole|t|t|R|e
Bit Test BITA 85 2 2(9 3 2|A5 5 2|85 4 3 AMm ele|t|t|R]|®
BITB o5 2 ‘2{os ‘g 2 es s 2|5 4 3 B:M elelt|t|R|®
Clear CLR BF ot 2|7F B0 00-M e(e|R|S(RIR
CLRA 4F 2 1| 00-A ele|R|S[R[R
CLRB 5F 2 1| 00~-B e|e|R|S|R|R
Compare CMPA 81 2. 2|91 3 2lar 5 2Bl @ 3 A-M elojt]|t|t|t
cMPB (o i B N M R il 1S Sl T M 0 R e B-M ele|t|t|t|t
Compare Acmitrs CBA n % 1|A=8 ofo|titft]t
Complement, 1s com 63 7 2|18 6 3 M-m e|lo|tL|R|S
COMA 43 2 1 | RA—»A e|eo(lIT|R|S
coms 5322 1 | BB ele|l|t|R|S
Complement, 2's NEG B 7 -2 705 67438 00-M->M ele(t DD
(Negate) NEGA 40 2 1| 00-A-A ole(t|1 D
NEGB 50 2 1 |00-B-8 ele |11 @@
Decimal Adjust, A DAA 19 2 1 | Converts Binary Add. of BCD Characters |®|e || 4| $|®
into BCD Format
Decrement DEC 6A, T\ 21 A B S M-1-M oleftitis)e
DECA 4A 2 1| A-1-A ofeltit|ale
DECB 5A 2 1 |B-1-8 ele(t|t|4a]e
Exclusive OR EORA 88 2 2|98 3 2|A8 5 2(B8 4 3 A@M A ele(t|t|R|e
EORB c8 2 2(ps 3 2|E8 5 2[F8 4 3 B@OM -8 e|e|t|t|R|®
Increment INC 6ewT " 2] 76 5138 M+1-M elo|t|t(®) e
INCA 4 2 1| A+1=A ele|t]|1|®)e
INCB 5 2 1 |B+1-8 ele|t|t|®fe
Load Acmitr LDAA 8 2 2|05 3 2jA6, 5 2|B6 4 %3 M—A ole|t|t|R|®
LDAB cs 2 2[0s'3 "20lee 5 2{*Fs 4.8 M-8 eleit|t|R|e
0r, Inclusive JORAA |8 2 2|9A 3 2(AA 5 2|BA 4 3 A+M=A elo(t|t|R|e
ORAB | CA 2 2(DA 3 2|EA 5 2|FA 4 3 B+M—B ele|t|t|R|e
Push Data PSHA 3% 4 1| A—>Mgp,SP—1-+SP ele(o|s|e|e
PSHB 37 4 1| B-Mgp,SP—1-SP ole(ojo|e|e
Pull Data PULA 32 4 1| SP+1-SP, Mgp—~>A ole(ojo|efe
PULB 33 4 1| SP+1-SP,Mgp—B olejolojele
Rotate Left ROL 4 68 7 2|79 & 3 M efeil |l 1
ROLB 9.2 4. [#8 c b7 = b0 ele|1|1|@®)t
Rotate Right ROR 6 7 2|7 6 3 M} efle|t|1|® 1t
RORA s 2 1[apo ~ oo oleft|t|®)¢
RORB 56 2 18 6 & = bo NG E
Shift Left, Arithmetic ASL 68 7 2|78 6 3 M = ole|1ft !
5 ASLA 8 2 1 |A O - OIOIro-o elo|t|t®)!
ASLB 580 2° e |8 c b7 b0 ole|1[2|@)¢
Shift Right, Arithmetic ASR Bl 1 2w & 3 m g ole|t|t ¢
ASRA 47 2 A}Qmmog oleit|? t
ASRB 5720 B b7 b0 [ elo|t|t|®1
Shift Right, Logic . LsR 64 7 2|74 6 3 M g ele|r| @)t
LSRA 4 2 1]|aA 0=l = ) ele (R t
LSRB 5 2 1|8 b7 LU elo|r|t|@ 1
Store Acmltr STAA 974 2|08 2)87 E 8 A=M ole(t|tR|e
STAB Loy R B A =+ SO -3 6 7 O IR B—M olelt|tR|e
Subtract SUBA 80 2 2(9% 3 2|(A0 5 2|BO0 4 3 A-M-A oleft ittt
suBB 0 2 2({po 3 2|E0 5 2|F0 4 3 B-M-B olelt(tit|t
Subtract Acmitrs. SBA 10 2 1| A-B=>A oloftitftft
Subtr. with Carry SBCA 82 2 2|82 3 52| 5. 2082 4 A-M-C—A eloftitft|t
SBCB PR TR T e | B 21 8 ) B-M-C—8 elejt|tit]t
Transfer Acmltrs TAB 18 2 1| A-B elelt|t|R|®
TBA 17 2 1|8B-A eloft|t[R|e
Test, Zero or Minus TST 60 7 2|7 6 3 M -00 ele|t|tIR[R
TSTA 40 2 1| A-00 elefttiR|R
TST8B 50, 2 1| B-00 ole|t|t|R|R
Hl1|N|Z|v|C
LEGEND: CONDITION CODE SYMBOLS:
OP  Operation Code (Hexadecimal); + Boolean Inclusive OR;
2 Number of MPU Cycles; @ Boolean Exclusive OR; H Half-carry from bit 3;
# Number of Program Bytes; " Complement of M; | Interrupt mask
- Arithmetic Plus; o Transfer Into; N Negative (sign bit)
- Arithmetic Minus; 0 Bit = Zero; z Zero (byte)
£ Boolean AND; 00  Byte = Zero; v Overflow, 2's complement
Mgp Contents of memory location pointed to be Stack Pointer; € Carry from bit 7
R Reset Always
Note — Accumulator addressing mode instructions are included in the column for IMPLIED addressing S. Set Always
1 Testand set if true, cleared otherwise
L4 Not Aftected
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Index Register and Stack Manipulation Instructi BOOLEAN/ARITHMETIC OPERATION COND. CODE REG.

IMMED DIRECT INDEX EXTND IMPLIED 5(4/3(2(1]0
POINTER OPERATIONS OP|~| #|0P|~| #|OP|~ | #|OP|~ | #|OP|~| # | BOOLEAN/ARITHMETIC OPERATION |H|I|N|Z|V|C
Compare Index Reg CPX 8C 3| 3|9c|4|2|AC|6|2]|BC|5 |3 XH—M, XL —(M+1) ole|@|tD|e
Decrement Index Reg DEX 09|41 X-1-X olofe(llo|e
Decrement Stack Pntr DES 34(4 (1 SP—1-+SP eolojeioo|e
Increment Index Reg INX 08|41 X+1=X elejeliiole
Increment Stack Pntr INS 31|41 SP+1—=5P DIOEICIEIES
Load Index Reg LDX CE|3| 3|DE| 4| 2|EE|6 |2 |FE|5 |3 M= Xy, (M+1) =X o|e[@|t|R|®
Load Stack Pntr LDS 8E (3| 3|9E(4 |2 |AE|6|2|BE|S |3 M—>SPy, (M +1) =8P e|e(@®[t|R|e
Store Index Reg §TX DF| 5| 2[EF|7 | 2(FF|6 |3 XH=>M, XL~ (M+1) o[el@|t|R|e
Store Stack Pntr STS 9F | 5 2|AF (7| 2|BF|6 |3 SPH—=M,SP =(M+1) eo|e[@|t|R|e
Indx Reg —> Stack Pntr XS 35|41 X-1-8P oo o(eoe
Stack Pntr — Indx Reg TSX 30[4]1 SP+1—+X els/oo/oje
Jump and Branch Instructions COND. CODE REG.
RELATIVE INDEX EXTND IMPLIED §|4|3[2]f1]8
OPERATIONS MNEMONIC | OP |~ | # |OP| ~ | #|OP| ~ | #|OP|~ | # BRANCH TEST HiI[N]jZ|V]C
Branch Always BRA 2|4 |2 None o o 0|0 e|e
Branch If Carry Clear BCC 2442 c=0 CHEC I RN )
Branch If Carry Set BCS 5142 c=1 o/ o e o oo
Branch If = Zero BEQ 27042 Z=1 e oo o|0o|e
Branch If = Zero BGE (4|2 N®V=0 e/ o|e|lo|oe
Branch If > Zero BGT (4|2 Z+(N@VI=0 oo oo oo
Branch If Higher BHI 2(4|2 cC+Z=0 oo /oo oo
Branch If <Zero BLE 2F| 4|2 Z+IN®V)=1 CERC AR NI N
Branch If Lower Or Same BLS 23(4 (2 C+Z=1 el e eo|e o
Branch If < Zero BLT 2|42 NOV=1 e(e|efofofe
Branch If Minus BMI 28|42 N= e/ 0oiefo|o|e
Branch If Not Equal Zero BNE 2604 |2 Z=0 e/ oo/ oflee
Branch If Overflow Clear BVC 28|42 V=0 o/l oo e oo
Branch If Overflow Set BVS 29(4 )2 V=1 eleo/eo|e|o|e
Branch If Plus BPL 2A1 4|2 N=0 ele/efo|o|o
Branch To Subroutine BSR 80| 8|2 o/ o oo o e
Jump Jmp GE| 4| 2|7€| 3|3 } See Special Operations el olefeio|e
Jump To Subroutine JSR AD| 8| 2|BD|9 |3 LR RN A )
No Operation NOP 02(2 (1 Advances Prog. Cntr. Only el eo|e oo
Return From Interrupt RTI 3B (101 :
Return From Subroutine RTS 3|6 |1 o e o|e
Software Interrupt swi 3F (12 (1 See Special Operations el o 0o oo
Wait for Interrupt WAl 3E(9 |1 o|[@) o|o|e|e
divi . Mani Soiin :
C Code R P Iy COND. CODE REG.
IMPLIED 5[4]3|2(1]0
OPERATIONS MNEMONIC [OP | ~ | # | BOOLEANOPERATION |H | I [N [Z |V | C
Clear Carry cLe ac|2 |1 0=C eloe|le|eo|e|R
Clear Interrupt Mask cu QE |2 |1 01 e | R|e o |e|e
Clear Overflow cLv 0A[2 |1 0=V e|e e o | R|e
Set Carry SEC (2|1 =0 oo e |0 eSS
Set Interrupt Mask SEl OF 112 |1 11 e(S|e|efe|e
Set Overflow SEV 0B|2|1 1=V e|eojeleisie
Acmitr A~ CCR TAP 06|21 A~CCR —_—
CCR —Acmitr A TPA 07{2]1 CCR—A e|o|eje|e]|e

CONDITION CODE HEGISYER NOTES:

(Bit set if test is true and cleared otherwise)
(Bit V)  Test: Result = 100000007
(Bit C)  Test: Result = 000000007
(Bit C)  Test: Decimal value of most significant BCD Character greater than nine? (Not cleared if previously set.)
(Bit V) Test: Operand = 10000000 prior to execution?
(Bit V)  Test: Operand = 01111111 prior to execution?
(Bit V)  Test: Set equal to result of N@®C after shift has occurred.
(Bit N)  Test: Sign bit of most significant (MS) byte = 1?
(Bit V) Test: 2's complement overflow from subtraction of MS bytes?
9 (Bit N)  Test: Result less than zero? (Bit 15 = 1)
10 (AN Load Condition Code Register from Stack. (See Special Operations)
11 (Bit!)  Set when interrupt accurs. If previously set, 2 Non-Maskable Interrupt is required to exit the wait state.
12 (AN Set according to the contents of Accumulator A.

L TR R S e
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APPENDIX B
BINARY-TO-BCD CONVERSION @
A standard technique for binary-to-BCD conversion is

that of the Add 3 algorithm. Figures B1 and B2 show a

flow diagram and example of this algorithm. The tech- >8

nique requires a register containing the N-bit binary i ik
<5

number and enough 4-bit BCD registers to contain the
maximum equivalent BCD number for the initial binary
number. The conversion starts by checking each BCD
register for a value of 5 or greater. If this condition
exists in one or all of these registers (initially this con-
dition cannot exist), then a 3 is added to those registers
where this condition exists. Next the registers are shifted
left with the carry out of the previous register being the
carry in to the next register. Again each BCD register is
checked for values of S or greater. This sequence con-
tinues until the registers have been shifted N times, where
N is the number of bits in the initial binary word. The
BCD registers then contain the resulting BCD equivalent
to the initial binary word. The example in Figure B2
starts with an 8-bit binary word consisting of all “1’s.”
This word is converted to the BCD equivalent of 255 by

Shift

Conversion Finished

FIGURE B1 — Binary to BCD Conversion Flow Diagram

this technique. After 8 shifts the last binary bit has been

shifted out of the binary register and the hundreds, tens, Hundreds Tens Uniits 8-Bit Binary
and units registers contain a 255. ]

Figure B3 shows an MC6800 software routine for per- R i
forming this technique of binary to BCD conversion. A i
The initial binary number is a 16-bit number and occupies 3 e S R ‘epledatil
memory locations MSB and LSB; this binary number is s Tl s el AR Eits e
converted to the equivalent BCD number in memory 1. [loxie "¢ ot Lo 1 i aila shift
locations TENTSD, HNDTHD and UNTTEN. Each of voaflot da g ss al G
these memory locations contains two BCD digits. Eighty- 2 s 5 Totd
three memory locations are required for program storage snitw 8
with a maximum conversion taking 1.8 ms. | FIGURE B2 — Binary to BCD Conversion

FIGURE B3 — Binary-to-BCD Conversion Software (Page 1 of 2)

1.000 HMAM DWARZS1
2.000 OFT MEM
3.000 o
G000 9000090000000 00000000000 000000000000 0000P0 000000000000
S.000 ¢ *
©.000 EIMAR'Y TO BCD COMVEREION -
TL.000 ADD 3 ALGUORITHM *
S.000 ¢ 1% BIT *

3 .'0 on PPPPPE000CPPPPPIILPPPIPEPSPPPPIPIP 0000000000085 00
10,000 o i o8
11.000 DRz 0 INITIAL BINHRY NUMEER

12.0u0 MZB EME 1 MOZT ZIGMNIFICANT & EBITE
13.000 LEE FME 1 LERET ZIGHIFICANT & EITE:
14.000 »
15.000 »
16.000 »
17.600 ORG $0010 BCD RESULTE
18.000 UMTTEN RME 1 UNITS AND TENS DIGIT:
13.000 HNDTHD RMEB 1 HUNDREDS AND THOUZANDE
20,000 TENTSD RME 1 TENE OF THOUSAMNLES DIGIT
2l.00u «
712« 000 ¢
2 23.000 ¢
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AN-764

A FLOPPY DISK CONTROLLER USING
THE MC6852 SSDA AND OTHER M6800
MICROPROCESSOR FAMILY PARTS

Prepared by:
Larry A. Parker
Semiconductor Systems Engineering

This application note describes a floppy
disk controller based on the M6800 fam-
ily of parts. It uses the Synchronous
Serial Data Adapter (SSDA) as the primary
data interface with the MPU and does not
require DMA for transfer of data to and
from memory. A Peripheral Interface
Adapter (PIA) controls all non-date re-
lated operations in the controller (includ-
ing seek, drive selection, etc.).
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A FLOPPY DISK CONTROLLER USING THE MC6852 SSDA AND
OTHER M 6800 MICROPROCESSOR FAMILY PARTS

INTRODUCTION

With the introduction of the MC6852 SSDA, the task
of interfacing synchronous serial peripherals such as
floppy disks, tape cassettes or cartridges, and bi-sync or
HDLC data channels, has been reduced significantly.

Described in this application note is an efficient and
flexible floppy disk controller design. Various features of
this design include:

® Controller operates one to four daisy-chained drives

® Four drive radial configuration possible with addi-

tional multiplexing

® Flexible drive interfacing

® MPU controls data transfer allowing:

® Store only desired data from a sector into
memory

® Search disk for pattern match without transfer-
ring data into memory until pattern is found

® Read or write entire track in one revolution;
consecutive tracks on consecutive revolutions

® DMA not required when using host MPU '

® Interrupt MPU system operations on address mark

match to start operations, allowing increased
throughput

e Secek interlaced with R/W when using radial con-

figuration

® Hard or soft sectoring

® [BM or user programmable sync patterns and

format

® Write format blank disks

® Cost competitive

® Effective use of MPU leaves time available for ad- |

ditional tasks (see Table 1).
® [ow parts count

Controller: (MPU and RAM shared with system)

14 TTL SSI, MSI Devices
1 SSDA
1 PIA
1 CRCCG

S TTL + filter SSI, MSI
Devices

Formatter

Data Recovery

Drive Interface

Buffers and- 5-10 TTL/CMOS Devices
Receivers + Termination

MPU System 2-5 TTL/Three-state Devices
Interface
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The disk controller system consists of four basic blocks
as shown in Figure 2. The PIA serves as the interface to
the drive controls. There are 16 available PIA lines which
allow a wide variety of drive configurations. The remain-
ing four lines are used internal to the controller. The clock
is separated from the raw disk data by the phase-locked
loop data recovery block. The SSDA has the responsibility
of synchronizing read/write operations and serializing/
deserializing the data. Error detection and system clock
functions are performed by the CRCC and clock cantrol
logic block.

The MPU has essentially complete software control
over the system. Mechanical drive functions and status

TABLE 1
Microprocessor Processing
Conditions Time Available for

Function IBM Format Non-Floppy Operations
Consecutive | Processing non-floppy | 1 ms between sectors
Sector R/W | operations allowed =25 ms 21.6%
on Multiple | only between sectors | 11 ms at Index
Tracks
Read or Processing non-floppy | 52 us block available
Write a operations allowed each 192 us 43.7%
Single while R/W the sector; | 42 * 52 us = 2.184 ms
Sector a 44 us R/W loop is

assumed for 2 bytes

of data
Consecutive | Processing non-floppy | See above 65.3%
Sector R/W | operations allowed
on Multiple | while R/W a sector
Tracks and between sectors

as above
Search for | Assume 250 us to 1.00 -39 ms/rev  96.1%
Sector Read and Test ID

block for match

after Sync Interrupt
Search for | Assume 50 us to 1.00 - 50 us/ 99.97%
Track process track info 167 ms

for each step

such as step, step direction, head load, ready, write en-
able, etc. are controlled and monitored in software by the
MPU via the PIA. SSDA data transfer operations are
initialized and supervised with MPU instructions. Due to
the PIA, SSDA and system hardware configuration, pro-
gramming can be kept simple and effective with a mini-
mum of software overhead. Basic driver routines can be



FIGURE 1 — M6800 Floppy Disc Controller Schematic
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FIGURE 2—Floppy Disk Controller Block Diagram
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written with fewer than 600 bytes of code. Operating
systems suitable to most user needs can be done within
two to four kilobytes.

Specific descriptions of the data recovery circuit and
read and write operations are discussed in the following
pages. Simplified logic diagrams are used in the circuit
descriptions. The actual system schematic is shown in
Figure 1.

It is important to be familiar with the operation of the
SSDA, PIA and the IBM 3740 format in order to under-
stand the controller design. A review of the MC6820 and
MC6852 data sheets is recommended. A discussion of
drive interfacing and IBM format can be found in the
M6800 Microprocessor Applications Manual. A descrip-
tion of the software drivers and the software for the con-
troller is available upon request.

DATA RECOVERY CIRCUIT DESCRIPTION

The raw data from the drive (clock and data) is termi-
nated and buffered before clocking the first D flip-flop
(Figure 3-B and Figure 4-B). Flip-Flops 1 and 2 generate a
negative pulse 1 VCO period wide (Figure 3-D and Figure
4-D) which is used to load the reference counter with 9
and to set the data flip-flop 3.

IBM 3740 data can have only one consecutive pulse
missing in the stream. By loading the reference counter
with 9, Q3 will have a positive transition within 15 VCO
periods generating a clock edge even if the data pulse is
missing (Figure 3-E and Figure 4-E). Carryouts will occur
every 2 us (16/fy), nominally providing a fundamental
reference for the frequency/phase detector (Figure 3-F
and Figure 4-F). The variable input to the frequency/
phase detector is generated by dividing f, by 16, using the
carryout to give a pulse similar in duration to the
reference.

Negative transitions on Q3 are inverted and clock flip-
flop 3, whose output goes low (Figure 3-G, H and Figure
4G, H). If a data pulse is present, the flip-flop is set by
pulse from flip-flop 2 (Figure 3-D, Figure 4-D). If no data
pulse is present, the output of flip-flop 3 remains low
until set by a data pulse which must occur within 32 us of
the last one. The output of flip-flop 3 is then clocked one
Q3 period later by Q3 to generate the NRZ data required
by the formatter circuitry (Figure 3-J, Figure 4-J).

The 8-bit shift register provides 16 us delayed data
which is fed to the CRCCG. The SSDA clocks in 8 bits of
data at 500 kHz before sync occurs and the read opera-
tion starts; because the sync data is included in the CRCC

permutation, this sync data must be included in the CRCC |

field.
Phased-locked loop design is described in Motorola
Application Note AN-535.

READ OPERATION

The sync code register of the SSDA is used to synchro-
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nize read operations by testing the incoming data stream,
clocked at 500 kHz (2X clock), for the first half clock and
data pattern of the desired address mark. When a match is
found, the external circuitry is released by the Sync
Match (SM) output and the second half of the address
mark (clock and data) is read from the SSDA Rx FIFO
(when it becomes available) and tested for a match with
the desired type. If it does not match the sequence is
restarted. If the second half of the address mark matches,
the desired data transfer is initiated. The external circuitry
switches the SSDA read clock to 250 kHz (1X clock) after
the second half of the address mark has been received so
that only the data portion of the remaining Rx FIFO
information is recovered. The external circuitry also con-
trols the CRCC generator (CRCCG) timing so that only
the data portion of the recovered information is clocked
into the generator.

After the data block has been transferred, the CRCC
status is made available to the MPU for 32 us at a PIA
peripheral line.

READ DATA LOGIC

Figure S is a simplified logic diagram of the read data
logic. Figure 6 is a timing diagram which shows the signal
timing relationship when a read operation is begun.

This explanation of the read data logic assumes that
system initialization has been completed. This includes
the completion of the seek and head load operation. The
enable read line is set and the formatter reset line has been
toggled to reset the sync match latch and set the switch
clock rate latch. These two previous operations are
initiated in software and are executed via the system
Peripheral Data Adapter (PIA). Initialization of the
Synchronous Serial Data Adapter, SSDA, has been com-
pleted as described in the SSDA Read Preparation section.

Raw serial data is processed by the data recovery cir-
cuit which provides the separated read data and 500 kHz
clock to the read data logic, Figure 5-A, B and Figure 6-A,
B.

The 500 kHz clock from the data recovery circuit is
inverted, delayed and then fed to the SSDA read clock
input (RxD), via combinational AND/OR selector logic
controlled by the switch clock rate latch, Figure 5, Figure
6-C. Inverting the clock provides the correctly phased
positive transition to load the read data in the SSDA
receiver shift register. The delay (4 inverters) is necessary
to prevent a possible timing glitch which will be discussed
later. The 500 kHz, 2X clock rate will load the receiver
register with both clock and data bits from the read data
line.

When the bit pattern loaded in the receiver shift regis-
ter is equal to the pattern present in the SSDA sync code
register, the SSDA synch match output, SM, will go high
for one read clock period, Figure 6-D. When the sync
match occurs, the SSDA receive data FIFO is internally
enabled and will begin to store the read data, Figure 6-D.




FIGURE 3—Data Recovery Circuit
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FIGURE 5—-Read Data Simplified Logic Diagram
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‘The clock and data bit pattern used for sync match
with the IBM 3740 format is a hex F5. The example in
Figure 6-B shows the ID address mark which has the clock
and data bit pattern of Hex F5 7E. Sync match will also
occur with the data address mark which is Hex F5 6F.
The sync code F5 portion of either address mark will not
be stored in the receiver FIFO. The second half of the
address mark, 7E or 6F will be the first byte of data
stored.

The first positive transition of the 500 kHz clock
occurring while the sync match output is high will set the
sync match latch, Figure 5-E, Figure 6-E. The Q output of
the sync match latch will enable the +16 counter. After
eight counter counts, Figure 6-F, Q3 of the +16 will reset
the switch clock rate latch, Figure 6-G, H. As mentioned
previously, the clock rate latch controls the AND/OR
selector and, at this time, the 250 kHz clock rate, +16-Q0,
Figure 6-C, is selected and fed to the SSDA read clock.
Because the +16 counter and clock rate latch are both
synchronized with the 500 kHz clock, the delay in the
500 kHz read clock is necessary to guarantee that the
AND/OR  selector is switched before the next positive
transition of the 500 kHz read clock at the clock rate
switch point, Figure 6-C. After the clock rate has been
switched, the delay is no longer needed. The read data is
now being clocked into the SSDA receiver register at a
250 kHz rate so that only the data bits will be loaded. The
eight count delay between the sync match and clock rate
switch point allows the second half of address mark to be
clocked into the SSDA receive data FIFO register at the
2X clock rate.

The receive data FIFO will now continue to fill with
data bits clocked in at the 250 kHz read clock rate. As
described in the MC6852 SSDA data sheet, the Receiver
Data Available (RDA) bit in the SSDA status register will
be high when data is available in the last 2 locations of the
Rx Data FIFO. The read data can now be read from the
SSDA via the system parallel data bus.

The read opcration will continue at the 250 kHz read
clock rate until terminated or reset with software.

CRC READ ERROR CHECK LOGIC

Figure 7 is a simplified logic diagram of the read data
logic. Figure 8 is a timing diagram which shows the signal
timing relationship when a CRC read operation is begun.
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This explanation of the CRC read logic assumes that
the read operation is initialized and is running as described
in the Read Data Logic discussion. The reset latch has
been toggled which presets the MC8506 CRCCG, and
resets the sync match latch. This is done with software via
the PIA. Familiarity with the MC8506 Polynomial
Generator (Cyclic Redundancy Check Character Genera-
tor) data sheet is assumed.

Separated data and the 500 kHz clock are provided to
the CRC logic from the data recovery circuit, Figure 7-A,
B and Figure 8-A, B. These data and clock signals are the
same as those received by the Read Data Logic, Figure
5-A, B and Figure 6-A, B, except that they are delayed 16
us by the eight-bit shift register.

When SSDA sync code match occurs, the SSDA sync
match line goes high, Figure 7-C, Figure 8-C. The first
positive edge of the 500 kHz clock during sync match sets
the sync match latch which enables both the ~16 counter
and the MC8506 CRCCG, Figure 7-D, Figure 8-D, E, F.
The 250 kHz clock +16 QO, is now fed to the CRCCG,
Figure 8-E.

At the 250 kHz clock rate, only the data bits from the
read data are loaded into the CRCCG. The data presented
to the CRCCG is delayed eight bits (four data bits), be-
hind the read data, Figure 8-B, G. This allows the CRCCG
to receive the first half of the address mark which occurs
just before the sync match and before the CRCCG is
enabled. The first half of address is included in the cyclic
permutation of data bits which generate the two CRC
bytes. Two CRC bytes append every ID and data field.

If the complete address mark and ID or data field has
been read correctly, the CRCCG All Zero line will go low
after the last CRCC byte for that field has been read,
Figure 8-H, G. The positive transition of the +16 Q3 out-
put will reset the CRCC = O latch, Figure 8-F, H, 1. The
CRCC = 0 latch Q output will remain low until clocked
again one byte time later by +16 Q3, Figure 8-F, I. The
software test for a CRCC error must be made during that
one byte time which immediately follows the last CRCC
byte. (The CRCC = 0 latch Q output is read by the soft-
ware through the PIA). If a detectable read error occurs,
the All Zero line will not go low and the CRCC =0 latch
will remain high during the one byte test time.

After completing a CRC check of a single ID field or
data field, the CRC read error logic must be reinitialized
before reading the next field by pulsing the Formatter
Reset line.




FIGURE 7—CRC Read Error Check—Simplified Circuit Diagram
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SSDA PREPARATION FOR READ

Table 2 summarizes the necessary sequence of SSDA
register programming steps for a read operation. A further
explanation of SSDA Register programming is sum-
marized in Table 1 of the SSDA data sheet.

In this particular system, hardware chip selects with
direct addressing are used to access the SSDA. Specifi-
cally, writing into hex address 00 will select Control
Register 1, CR1. Writing into the next address, hex 01,
will access the CR2, CR3 or the Sync Code Register as
selected with CR1. The SSDA Status Register is read by
reading from hex address 00. Data is read from hex 01. As
described in the SSDA data sheet, the Sync and Control
Registers are write only. Status and Data Registers are
read only.

In Table 2, Step 1, SSDA Control Register 1, CR1, is
addressed and set to inhibit Receive, Transmit, and Sync,
and CR3 is selected. Step 2 loads CR3 to prepare the
SSDA for the one character internal sync mode. Step 3
returns to CR1 and selects the Sync Code Register. The
sync code hex FS5 is loaded into the Sync Code Register in
Step 4. These first four steps are required only once per
read operation. L

Steps S through 11 must be carried out before each
new field is read. Step 5 sets CR1 to select CR2. Step 6
then loads CR2 to prepare the SSDA for eight bit word
transfer, two byte RDA, and to inhibit the sync match
output. Step 7 enables the receiver. In Steps 8 and 9, PIA
Data Register B is addressed and set to enable read and
toggle the read logic reset latch. Step 10 enables the
internal sync and selects CR2. The sync match output is
enabled in Step 11.

In Step 12, the SSDA Status Register is read and the
RDA bit is tested. A high RDA indicates two bytes of
data are ready and can be read from the Data Register as
in Step 13.

The SSDA must be programmed in the proper
sequence to avoid several non-obvious errors. A combina-
tion of the receiver reset mode and reading gap can cause
a false sync match if the receiver is not enabled before the
sync. The Receiver Shift Register, when reset, is actually
set to all ones or hex FF. Gap read at the 2X rate will
appear as alternating zeros and ones or hex 55. If a half
byte of gap is clocked into the Receiver Shift Register, the
contents of the register will be hex F5, the sync code.
Enabling the receiver before enabling the sync allows hex
FF to be clocked out of the register while sync is inactive.
The reset latch must also be toggled before enabling the
sync. This switches the read logic back to the 2X read
clock and prevents a possible false sync match with data
at the 1X rate.

WRITE OPERATION

The transmitter underflow (TUF) output is used to
synchronize write operations by resetting the external +16
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bit counter while writing the pre-address mark gap from
the sync code register at 500 kHz (2X clock). After count-
ing 11 TUF’s, 5-1/2 bytes of gap, the first half of the
desired AM is stored in the Tx FIFO.

When the first half of the address mark (C & D) enters
the Tx Shift register, no TUF output will occur releasing
the external hardware sequence. The second half of the
address mark (C & D) is then stored in the Tx FIFO,
followed by the data to be transferred to the disk. The
external hardware switches the SSDA Tx Clock to 250
kHz (1X clock) after the address mark is written and
clocks the data portion of the information into the
CRCCG. When the data transfer is complete, two dummy
bytes are stored in the FIFO while the Frame Check
Sequence (FCS) is appended by the CRCCG on command
from the MPU via a PIA peripheral line. The Sync Code
Register is loaded with the postamble which will be
written at 1X clock after the FCS has been appended and
the first TUF has occurred. The sync code register is then
loaded with the 2X gap clock and data pattern which will
be written after the second TUF which switches the SSDA
clock back to the 2X mode. Write current to the drive is
controlled by the MPU via a PIA peripheral line and is
initialed at the start of the pre-address mark gap and
terminated after the postamble byte for all but write
format operations where it is held on for the entire track.

The Formatter Reset line must be pulsed prior to the
next formatter operation to initialize the sequencer logic.
During write format operations, this will not cause a gap
glitch since the formatter has already switched back to the
2X clock.

WRITE DATA LOGIC

The synchronization of the write logic with the SSDA
is accomplished by the transmitter underflow (TUF) out-
put of the SSDA. This line is inverted and fed to the +16
bit time counter and to the enable CRCC flip flop (Figure
9). The first TUF resets the +16 bit counter. The Q3
output of the bit counter, which is clocked by the in-
verted write oscillator (500 kHz), is used to clock the
enable CRCC flip-flop. As long as TUF’s are present, the
+16 bit counter will be reset prior to its Q3 going high,
preventing the enable CRC flip-flop from being clocked
from its reset state (Figure 9-E, Figure 10-E). The first
TUF missing at bit 7 time is clocked through the enable
CRCC flip-flop, enabling the CRCC generator CRCCG
(Figure 9-E, Figure 10-E) and allowing the switch clock

~ rate flop to be clocked from its reset state by the next

positive transition of Q3 (Figure 9-E, Figure 11-E). The
switch clock rate flip-flop’s outputs (Figure 9-H, Figure
11-H) toggle after the 16 bits of address mark clock and
data information have been transmitted by the SSDA at
500 kHz. The SSDA Tx Clock (Figure 9-1, Figure 11-I) is
then switched from the 500 kHz write oscillator to the
250 kHz QO output of the +16 bit counter by the switch
clock flip-flop’s outputs combined with the AND/OR



TABLE 2 — SSDA PREPARATION FOR READ

Raq: Data
Sl Function &
Step Address R/W D7 D6 D5 D4 D3 D2 D1 DO Comments
1 SSDACR Rx Rs Tx Rs Strip Clear TIE RIE AC1 AC2 Inhibit: Sync
CR1 Sync Sync qx
Rx
00 W 1 1 0 1 0 0 1 0 Select CR3
V.. SSDADR Intrn 1 Sync Clear Clear X X X X 1 Sync Character
CR3 Sync Char Cr5 TUF Internal Sync
Clear: TUF
01 w 0 1 1 1 0 0 0 0 CTS
3 SSDACR Rx Rs TxRs | . Strip Clear Tk RIE AC1 AC2 Select Sync Code Register
CR1 Sync Sync
00 w 1 1 0 1 0 0 0 1
4 SSDADR D7 D6 D5 D4 D3 D2 D1 DO Set Sync Code to hex F5
Sync Code
Reg
01 w 1 1 1 1 0 1 0 1
5 SSDACR RxRs | TxRs Strip Clear TIE RIE AC1 AC2 Select CR2
CR1 Sync Sync
00 w il 1 0 1 0 0 0 0
6 SSDADR PC1 PC2 2 Byte WS1 Ws2 Ws3 Tx Syn EIE Inhibit SM
CR2 RDA 2-Byte RDA
8-Bit Word
01 w 1 1 0 1 1 0 0 0
7 SSDACR Rx Tx Rs Strip Clear TIE RIE AC1 AC2 Enable Read
CR1 Sync Sync
00 w 0] 1 0 1 0 0 0 0
8 PIADRB CRC =0 Int Shift Index X Enable | Enable Reset Enable Read Logic
(In) Sync CRC Drive Read Write (Out) Toggle Reset High
(In) (Out) (In) (Out) | (Drive)
05 w 0 0 0 0 0 1 1 1
9 PIADRB Toggle Reset Low
05 w 0 0 0 0 0 1 1 0
10 SSDACR Rx Tx Rs Strip Clear TIE RIE AC1 AC2 Enable Sync
CR1 Sync Sync Select CR2
00 w 0 1 0 0 0 0 0 0
1" SSDADR PCA PC2 2 Byte ws1 Ws2 WS3 T EIE Enable SM Output
CR2 RDA Sync
01 w 1 0 0 1 1 0 0 0
12 SSDASR RDA TDRA DCD CTS TUF Rx DVR PE IRQ Test RDA for 2 Bytes Ready
Status :
Reg
00 R 0-*1 X X X X X X X
13 SSDADR 0 1 1 1 1 1 1 0] Read Data
01 R Exp: 7E1g = 2nd % IDAM
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logic. The switch clock rate flip-flop’s outputs also control
the selection of 2X write data and clock or 1X write data
and clock being fed to the write data formatting circuit
(Figure 9-R).

The CRCCG has been clocked from the first missing
TUF by the +16 QO output so that only the data portion
of the transferred information is accumulated during the
write data operation, including the data portion of the
address mark (Figure 9-D, Figure 10-D).

Once the last data byte has been transferred from the
SSDA’s Tx FIFO into the Tx Shifter, the MPU enables the
shift CRCC line via the PIA (Figure 13-K and 14-K). This
signal is then clocked by the next positive transition of Q3
at the end of the last data byte. The shift CRCC command
to the CRCCG is then delayed 1 us (Figure 13-P, S, A;
Figure 14-P, S, A; Figure 15-P, S, A) by the write oscilla-
tor clock to allow for the last data bit to be transferred
into the CRCCG registers before switching into the shift
mode.

Two dummy data bytes are written from the SSDA
while FCS is being appended to the data field. This allows
the MPU to keep track of the FCS status and disable the
Shift CRCC command at the proper time, i.e., while the
last dummy byte is to be shifted out of the SSDA. The
disable shift CRCC command is clocked by the positive
transition of Q3 at the end of the second dummy byte
and is again delayed 1 us before reaching the CRCCG.
This switches the CRCCG data out back to the SSDA
TxD.

When the last bit of the second dummy byte is being

i

transmitted, a TUF occurs indicating that the Tx FIFO is
empty and the content of the sync code register will be
transmitted next. The sync code register was previously
loaded with the 1X postamble data field and it will im-
mediately follow the FCS field. The first TUF following
the FCS is clocked by the positive transition Q3 to disable
the CRCCG (Figure 13-C, E, F; Figure 16-C, E, F) starting
the write termination sequence. The next positive transi-
tion of Q3 restores the clock to the 2X mode which
allows the second TUF to reset the +16 bit counter
(Figure 13-F, H, N; Figure 16-F, H, N). While the post-
amble is being written, the sync code register is loaded
with the 2X gap clock and data pattern which will be
written until the FIFO is loaded with the next address
mark restarting the operation or the transmitter section is
reset by software. Using this technique, the entire track
may be formatted without write current to the drive being
shut off and without any glitches at the switchover points.

TUF’s may be counted to determine gap sizes when
write formatting the disk.

The write data format logic takes the NRZ clock and
data information (Figure 9-R and Figure 12-R) and
generates the raw unseparated clock and data format
required by the drive electronics (Figure 9-M and Figure
12-M). The NRZ data is clocked and delayed for one-half
a write oscillator period (Figure 9-L and Figure 12-L) to
remove any delays generated in the previous logic. The
inverted and delayed NRZ data is NANDed with the 500
kHz write oscillator (Figure 9-A and Figure 12-A) to
generate the -Write Data for the drive electronics.
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FIGURE 9-Write Synchronization Simplified Circuit Diagram
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FIGURE 11—Write Switch Clock Rate Timing Diagram
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FIGURE 13—Write CRCC Simplified Block Diagram
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FIGURE 15—Write CRCC Detailed Timing
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AN-771

MEK6800D2 MICROCOMPUTER KIT
SYSTEM EXPANSION TECHNIQUES

Prepared By
Wayne Harrington
Microprocessor Applications/Systems Engineering

The bus architecture of the MEK6800D2
Kit Microcomputer provides straight-
forward design options for memory or
1/0 port expansion. This note outlines
techniques for interfacing an 8K or 16K
memory array with the kit. A technique
is also outlined whereby a data terminal-
based ROM monitor such as MINIBUG
may co-reside with the basic kit ROM
JBUG Monitor. The resulting two-
monitor system allows the user to switch
between either the JBUG 1/O port or
the MINIBUG 1/0 port for moving data
to and from RAM.
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MEK6800D2 MICROCOMPUTER KIT
SYSTEM EXPANSION TECHNIQUES

INTRODUCTION

The Motorola MEK6800D2 kit microcomputer sys-
tem (hereafter referred to as MEK/D2) is a complete
computer requiring only a +5 V power supply to begin
microprocessor evaluation. It features a hexadecimal
keyboard for data and command entry and seven-
segment LED array for data display. In addition, the
MEK/D2 provides an audio cassette I/O data transfer
capability. Figure 1 presents a functional block diagram
of the basic system. The intent of this note is to describe
some useful system expansion techniques which exploit
the architecture of MEK/D2 computer.. This note is
intended to supplement the information provided in the
MEK/D2 manual and is divided into sections which
discuss memory expansion, data I/O port expansion
and expanded system application considerations.

Off-board memory expansion involves only minor
changes in addressing and control logic plus certain
elementary control-handshake logic to support both
dynamic memory arrays and provide MPU control for
slow memory arrays.

The inclusion of an I/O port to add data terminal
communication in addition to the keyboard module
function is accomplished by inserting control logic
which converts MEK/D2 into a dual-monitor micro-
computer system. This modification allows the basic
MEK/D2 JBUG monitor ROM and its ACIA to co-
reside with a MINIBUG ROM/ACIA combination.
The JBUG-ROM/ACIA pair support keyboard and
audio cassette data I/O transfer while MINIBUG, along
with its ACIA, supports RS-232 or current loop-con-
figured data terminals. Each ROM/ACIA pair may be
manually initialized or software-accessed from the user
program.

The capability to select, initialize, or address loca-
tions in either monitor ROM at will provides useful
system application benefits. These include moving data
between various storage media, directly addressing
proven subroutines in either ROM from user program
and manually selecting either monitor as desired to
exploit the most useful commands of each during a soft-
ware or system development phase. These modifications
convert the MEK/D2 into a powerful software develop-
ment tool.
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RANDOM ACCESS MEMORY EXPANSION
Functional Design

The basic MEK/D2 Microcomputer Module provides
for a maximum of 512 bytes of On-Board static RAM.
Expansion for additional memory is accomplished by
providing address and data bus buffers as well as some
Off-Board control logic.

Figure 2 presents a functional block diagram sum-
mary of the supplemental logic necessary to support
Off-Board memory expansion. Shaded blocks represent
logic available with the basic MEK/D2 system. This
convention holds for all schematics and diagrams in
this note.

Certain static RAMs require up to 100 ns of data hold
following chip deselect. The 10 ns data hold specified
for the MC6800 MPU is insufficient to meet this require-
ment. The data bus enable (DBE) stretch network shown
must be added if this type of RAM is utilized in the Off-
Board expansion array. The Memory Control Handshake
Logic provides control and timing signals between logic
resident on Off-Board memory systems and the MPU
clock module. Data transceivers, with a control logic
block, are required to buffer bidirectional data to the
Off-Board memory array as shown. The block labled
“Array Select Decoder” represents logic for converting
high-order address decode signals to Memory-Block
enabling signals. These activitate either the On-Board or

(Off-Board array within the appropriate addressing range

of a memory reference instruction.
Logic Design

Figure 3 shows a network which exploits the propaga-
tion delay of non-inverting CMOS buffers to generate a
“stretched” ¢2 for processor and peripheral data bus
enable. This network delays the falling edge of DBES
approximately 125 ns with respect to DBE. This meets
the data hold time requirement of most static RAMs.
Trim capacitor Ct may be added for fine adjustments to
account for device variations in accordance with the
equation shown.

Memory Control Handshake Logic is shown in Figure
4. Clocked latches E17A and E17B provide signals to
control either dynamic memory refresh or slow-memory
access on a synchronous basis with respect to MPU
timing.
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Dynamic memory cells store data in the form of
electronic charge on the capacitance inherent in MOS
transistor junctions. This charge must be periodically
“refreshed.” This is accomplished in most dynamic
memories by performing a “dummy” read or write
operation on each cell. In the case of the 8K Dynamic
RAM Module (MEX6815-3), complete memory refresh
is accomplished by a modified internal read operation
on each of 32 columns once every 64 us. (memory

system organization is 128 rows X 32 columns). The
columns are accessed by an address multiplexer which is
pulsed by the Refresh Grant (RG) handshake signal once
every 64 us.

The power-up reset network, composed of E9 and
E4D, sets latch E17A on power-up to insure a proper
initialization of the refresh-handshake logic. E9 also
automatically initializes the MPU system on power-up
by pulsing E6/12.

U8 | g1 _ 741504

¢2 MPU I £4_ 740s00
E9 — MC1455

E17 — 74LS74

£22 — 741508

To EB, pin 12 (Fig. 12)

.

4
Memory
+5V +5Vv | Clock
a8 :
™
3 6 |
R '
s f
+5V
oy L = 0™ |
F :
wT Blid
= = = = 10k |
Pwr-Up Auto-Reset |
| Slow Mem
== | Access
|
|

Jumper for
Slow Memory
Absent

'FIGURE 4 — M

y Control H

Logic



Figure S presents an example of refresh-handshake
timing between latch E17A and logic on a dynamic
memory system. The latch is clocked by AND-gate
output CA. The first low-to-high transistion of CA (pulse
1) following time-out of the refresh-period one-shot
(8602) samples the logical zero state appearing at the D
input of E17A. This state and its complement are trans-
ferred by the rising edge of CA to the Q and Q outputs
of E17A as the signals Hold 1 and Refresh Grant (RG),
respectively. The resultant falling edge of RG retriggers

the 8602 to start a new timing cycle as shown in the
diagram. This action returns the Request Refresh (RR)
signal to logical one. This is sampled by the low-to-high
transition of CA, which returns Hold 1 high. The result-
ing Hold 1 signal applied to the HI input of the MPU
clock module is correctly phased to meet H1 set-up and
release time requirements and ‘‘freezes” the MPU clock
in the phase relation shown. The resulting RG pulse
automatically increments the refresh address counter for
the next refresh cycle.

@1 NMOS
$2 NMOS

R etEre, e

2xf % i B e, & Rt TRt e w e
A6 MC68718 |
| Clock
Mood:l' W ! To Refresh
Mem | Address Counter
Clk |
| l—-“——T-wv—o +5V
H A I
old
cliia : a
Cal gq7 | 8602
A | One-Shot
-_ RG
D Q ! c|
DA |
RG=Refresh | EE
Grant ﬁ 1
RR=Refresh |
Request E17 — 74LS74 el © A e o e R lel Bl sl A,

o R o o (s )= ) LS

DYNAMIC MEMORY BOARD ~

i

Trig 1

RR One Shot __LJ‘ One-Shot Timing Cycle J
Time-Out LA

{ ¢
2T

Hold 1
RG

=
7

.
7

E

4 I S

RG |

FIGURE 5 — Memory Refresh Handshake Logic and Waveforms



Figure 6 presents a typical example of slow memory
control with handshake-timing between latch E17B and
memory control logic on a slow memory board. Slow
memory control signals are required to account for
memories (or peripherals) whose access times are in the
range of 540 to 4500 ns. The control signals provide
proper slow memory data acquisition by freezing the
MPU clock. This effectively allows the MPU to “wait”
for memory data to return and still meet the maximum
MPU bus memory access time specification of 540 ns.
The access time upper limit of 4500 ns is determined by
the maximum allowable clock phase 2 high time of 4500
ns. High times in excess of this value will introduce data
loss within the MPU dynamic registers. These registers
use the MPU clock for refresh, just as with memory cells
in dynamic RAM. The sequence of events for a slow
memory access are described in the waveform timing
diagram. The array decoder output, AS, goes high fol-
lowing the low-to-high transition of ¢2 for a memory
reference within the addressing range of the array. The
high-state of AS (or Slo Mem Acc) applied to the
asynchronous-set input of latch E17B releases the
hold-set condition on the latch and allows it to be
clocked by the first CB pulse. This forces Hold 2 (Q)
low, which freezes the MPU clock in the phase relation
shown. Hold 2 is returned high with the low-to-high

transition of the next CB pulse, since latch E17B is
connected as a toggle flip-flop. Since Hold 2 is returned
to logic 1, the clock is allowed to resume as shown, and
the cycle is complete. The resulting freeze of the clock
cycle with ¢2 high and ¢1 low adds a 1-clock-cycle delay
to the normal access time available. This scheme may be
extended with additional counters and logic in place of
the toggle flip-flop to hold the clock a multiple-number
of MEM Clk cycles for very slow memories. The total
hold time must not exceed the 4500 ns maximum limit.

A key integrated circuit for generating system bus
chip-select or enabling signals in the MEK/D2 is the
high-order address decoder Ull — a 2-line to 4-line
decoder/demultiplexer. This logic element decodes the
three-most-significant bits, A15-A13, of the address bus’
in accordance with the following truth table.

A15 A14 A13|Bus Enable Term Comments

0 0 0 RAM =0 Enables 512 byte array
On-Board RAM

o o 128 =0 Enables 8K range of user stack

0 1 0 4/5 =0 Fnables 8K range of user stack

0 1 i PROM 1 =0 Enables user PROM located at
6000* 16

1 0o o |10 =0 Enables ACIA located at 80081¢

1 0 1 STACK =0 Enables 128 byte RAM used by
JBUG monitor

1 1 0 | PROM@=0 | Enables user PROM located at
C0001¢

1 1 1 ROM =0 Enables JBUG ROM located at
E0001¢

*Denotes Base 16 (hexadecimal) number
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This scheme divides the 64K addressing range of the
MPU into eight 8K blocks. The 512 byte static RAM i
array is placed in the bottom 8K range, the next two 8K S T
blocks are reserved for expansion RAM, the fourth con-
tains a user PROM, etc.
User PROM C000-C3FF

Figure 7 presents the Bus Peripheral Allocation Map
for the basic MEK/D2 system. Exact address boundaries JBUG Stack/RAM A000-A07F
of the bus peripherals described in the decoder truth
table are defined in this map. The decoder output terms
which enable the first three 8K blocks of memory, Koybosrd Modanla 80209023
beginning with address zero, are RAM, 2/3 and 4/5. In- ESTban g e AR —
spection of the map shows that within the first address- User PIA 8004.8007
able 8K block, only 512 bytes are dedicated to static
RAM. This produces a memory addressing “gap” in the User PROM 6000-7FFF
range 0200 to 1FFF as far as continuous addressing Tver RAM 20005FFF
within the first 8K block is concerned. This problem & Bk v i | o009 i
may be solved by additional decoding of the three RAM
select signals above so as to place an 8K expansion RAM
in the first 8K addressing block, or a 16K expansion User Static RAM 0000-01FF

RAM within the first two 8K addressing blocks. The 512 FIGURE 7 — MEK/D2 Bus Peripheral Allocation Map
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FIGURE 8 — Addressing for 8.5K Memory Configuration
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byte static array is then placed in either the second or
third block, respectively, “on top” of the expansion
RAM. Figures 8 and 9 show the additional decode re-
quired to form either an 8.5K or 16.5K memory con-
figuration. Control and Timing signals necessary to
support these arrays are also shown.

Data flow direction to Off-Board memory is deter-
mined by the decode/control logic shown in Figure 10.
This logic asserts DBRE (Data Bus Receive Enable) for
any MPU read cycle involving Off-Board memory. This
enabling scheme should be used with any additional
Off-Board memory, whether static or dynamic. 3

Recent developments in semiconductor dynamic
" RAM system design have provided compact, cost-
effective arrays such as the MMS68100 and MMS68103
produced by Motorola Memory Systems. These are avail-
able in 4K x 8, 8K x 8, or 16K x 8 size. The most
notable feature of these memories is that the usual
refresh-handshake logic, such as shown in Figure 4, is
not required since refresh is processed by memory board
logic during MPU phase 1. -

1/0 DATA PORT EXPANSION/MODIFICATION

Dual Monitor System — Functional Description

The basic MEK/D2 system with keyboard data entry
and seven-segment light-emitting-diode display may be
expanded to include a co-resident data terminal I/O
capability which may be evoked manually or from user
program. The software necessary to support data
terminal operations is provided in firmware using a
MINIBUG ROM. This ROM monitor co-resides with the
JBUG monitor ROM supplied with the basic MEK/D2.
ROM access and initialization is controlled by the logic
shown in functional block diagram form in Figure 11.~
With this scheme, peripheral chip-select signals derived
from the high-order address decoder (U11) are steered
to the desired ROM-ACIA pair as a function of the state
of the Chip Select Control signal, CSC. CSC is generated
from either the manual ROM select switch (SR) or by
user-program command from the PIA. Control from user
program automatically overrides the manual input but
does not initiate an MPU reset cycle as does a manual

MEK6800D2 Address Bus I
A0-A15 A0-A9
R/W 7 10
oBE —— I/ re '
Buffers
MC8T97 512-Byte
Static
RAM
R/W Array £
To E7/10 ON-BOARD
(Fig. 10) DBE —— 4000 MEMORY
Array DBE ——— to
Select 41FF
Decode VRA
VRA2 [ =
o [ = o) — RAM
|s 35! I _T U14, 18, 18, 19
|
|
| 8
: DO0-D7
|
14
A0-A13
8 M#_.
,‘ 16K
DO-D7 R/W’ Dynamic
A Mem RAM
(See Fig. 10) Clk Array
=5 Bus 62 OFF-BOARD
> MEMORY
0000
VRA1* to
(VUA) 3FFF
DBRE
To RG ———p
ET/13 Q—J p
(Fig. 10) Rt
-
y i E23 — 741586
MEK6800D2
Data Bus 8
*Pin 10 for EXORciser Bus e
Do-D7

FIGURE 9 — Addressing for 16.5K Memory Configuration
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select from SR. With SR in position J (for JBUG enable),
the ROM and I/O chip-select signals (ROM and I/O are
steered, respectively, only to the JBUG ROM or ACIA,
while the MINIBUG ROM and ACIA are held deselected.
The converse actions occur for SR at position M (for
MINIBUG enable). Each toggle of SR generates an MPU
Reset pulse via the State Change Detect Logic. This has
the effect of automatically initializing each monitor
ROM when manually selected. Nine standard data
terminal baud rates may be derived from existing
MEK/D2 logic and are used to provide transmit and
receive clocks for the MINIBUG ACIA.
Logic Design

Logic realizations of the system functions depicted in
Figure 11 are presented in Figures 12, 14,15,16and 17.

Figure 12 shows the Chip Select Steering Logic, MPU
Cycle-Sync Logic and State Change Detect Logic. Chip-
select steering is accomplished by the network composed
of gates ES and E1C. The clocked-latch network (E3A —
E3B) which generates the chip-select steering control
signal, provides two design benefits. First, monitor
switching occurs only after MPU reset is asserted and
prior to a ¢2 cycle, thus assuring that data will not be
erroneously written or read as a result of a manual
monitor select. In addition, latch E3A, under the control
of the PIA, provides an asynchronous-override to the
manual select switch control. This feature allows direct
access to subroutines in' either ROM or addresses in
either ACIA from the user program. A subroutine to
accomplish this access is described in a following section.

RE DE
Typical Receiver —
Driver Pair, MC8T26

Do
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To Off-Board
Memory
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To: Figure:
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PROM 1 4——mM————
MPU Module —_— L u7/11 ) 5
Read Enable Siteck S
Terms ROMJ E5/3 12 6
E5/8 12 7
1/0 J
uU11/6 - 10
VRA 2
E5/6 12 11
ROM M
E5/11 12 12
/0 M -
Off-Board VRA 1 E23/3 8,12 13
Read Enable 14
Term 15
+5V o—:
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FIGURE 10 — Data Bus Expansion Control Logic
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1
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Figure 13 shows the chip-select timing for a manual
command conversion from JBUG to MINIBUG via
toggle switch SR. Exclusive-OR gates E6 in Figure 12
form the statechange detection circuit which generates
a 4 ms reset pulse for automatic MPU initialization
whenever the monitor select switch is thrown in either
direction. Note that provision for direct push-button
reset of the MPU is also retained via E6D to pin
6 of U22.

Figure 14 shows address, data and control signal
interconnection to the MINIBUG ROM and its ACIA.
Note that even though these peripherals reside at the
same bus address as the JBUG pair, the two pairs are

never simultaneously selected due to the complemen- =

tary” control nature of the chip select steering logic.
Figures 15 and 16 show circuitry necessary for inter-
facing with data terminals using either RS-232 or

currentdoop I/O configuration. Data terminal baud-

rate clocks may be taken from the existing MC14040
binary counter (Ul17) outputs as shown in Figure 17.
An MC1455 connected as an astable multivibrator
(E13) is utilized to generate a baud-rate clock consistent
with current-loop TTYs.

Software Control Considerations

Software access to addresses in either Monitor
ROM or ACIA is gained through a subroutine which
controls the output states of PBO and PB1 of the user
PIA. The four possible states of PBO — PB1 produce the
following control functions with respect to latch E3A,

Figure 12:
PB1 PBO M Control F
0 0 lllegal state
0 1 Enable MINIBUG ROM/ACIA user addressing
1 0 Enable JBUG ROM/ACIA user addressing
1 1 Addressing controlled by Monitor Select Switch, Sy

The 1-1 state is automatically entered upon system
power-up or manual reset, since following the power-up
reset pulse the PIA Data-Direction-Registers are pro-
grammed as inputs (all registers cleared). PBO — PB1
appear as high-impedance inputs and both terms are held
at logic 1 by the 10 k2 pullup resistors.

SR Switched from J to M

P =1628 ns (614.4 kHz)

o
T

i

i o O
ELES I TR ALY 0,

JBUG Chip Selects
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*Worst Case = 253 ns
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FIGURE 13 — Monitor Chip-Select Timing — Manual Select
Select MINIBUG, Deselect JBUG
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Data Terminal-Only Configurations

A configuration which employs data-terminal com-
munication interface only may be easily implemented by
inserting MINIBUG or MIKBUG Monitor ROMs into the
JBUG ROM socket (U8). Foil path modifications and
additional logic necessary to support these ROMs are as
follows:

Modifications for MINIBUG

1. Cut foil path at U17, pin 13.

2. Connect pins 3 and 4 of U23 (ACIA for Audio
Cassette).

3. Add terminal I/O interface logic as shown by
Figures 15 or 16 and Figure 17. Connect U17 out-
put to pin 3 or4 of U23 as shown. U17/3 need not
be cut (as shown in Figure 17) if 300 baud opera-
tion is desired.

Modifications for MIKBUG

1. Add terminal I/O interface logic to the user PIA
(U20) as described by the schematic of Figure 18.

2. Cut foil paths at U8/10 and U8/11 and connect
per Figure 18.

The 1/O logic and discrete components described in
* these figures may be mounted in the wire-wrap area pyo-
vided on the microcomputer module board.

SYSTEM APPLICATION CONSIDERATIONS

A subroutine which controls the monitor-selection
latch (E3, Figure 12) through the PIA is presented in
Figure 19. User program access to subroutines in ROM
or addresses in ACIA is accomplished by first calling the
monitor access subroutine (MONACC) shown in Figure
19 and then executing a memory reference instruction
to the ROM or ACIA address desired. As an example,
the subroutine calling sequence:

LDAA #$ 41 Form ASCII “A”

LDAB #$ 01 Get subroutine constant

JSR MONACC Enable MINIBUG ROM/
ACIA addressing

JSR $ E108 Output ASCII char to
terminal

causes the character “A” to be printed on a terminal as
a result of MINIBUG monitor access from the subrou-
tine MONACC. In this example, the hex address E108 is
the start vector of the MINIBUG II subroutine OUTCH
which outputs one ASCII character to a terminal. The
following is a list of useful data-moving subroutines con-
tained in MINIBUG II and III along with their starting
addresses, entry and exit conditions:

* § is Motorola Resident Assembler syntax for a hexadecimal
number.
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MINIBUG ROUTINES

( ) — Addresses in MINIBUG II
¢ ) — Addresses in MINIBUG III

BADDR ($EOD9) (SEOF8* — Build a 16-bit hexa-
decimal address from four digits entered from the
keyboard.

Entry requirements: none
Exit: X-register contains the 16-bit address. The A &
B registers are destroyed. k

BYTE ($EOE7) ($E106) — Input two hex characters
from the keyboard and form a 1-byte number.
Entry requirements: none
Exit: A-register contains the 8-bit number. B-register
is destroyed.

OUTHL ($EOFA) ($SE118) — Output left digit of hex
number to console.
Entry requirements: A-register contains hex number.
Exit: A-register is destroyed. :

OUTHR ($EOFE) (E11C) — Output right digit of hex
number to console.
Entry requirements: A-register contains hex number.
Exit: A-register is destroyed.

OUTCH ($SE108) ($E126) — Output one ASCII character
to terminal.
Entry requirements: A-register contains ASCII char-
acter to output.
Exit: No change

INCHP ($E115) ¢$133) — Input one character, with
parity, from terminal to A-register.
Entry requirements: None
Exit: A-register contains character input.

INCH (SE11F) ($E133) — Input one character from
terminal to A-register and set parity bit = 0. If char-
acter is a delete ($7F) it is ignored. Location $A00C
should be equal to zero if the character should be
echoed (MINIBUG II only).

Entry requirements: none
Exit: A-register contains character without parity.

PDATA1 (SE130) (SE14B) — Print at terminal the
ASCII data string pointed to by X-register. Data
string must contain an ASCII EOT ($04) as a
terminator.

Entry requirements: X-register contains the address
of the 1st byte of the data string. The data string
is terminated with a $04 character.

Exit: A-register is destroyed. X-register contains
address of $04 character.

OUT2H ($E173) ($E18D) — Output two hex characters,
pointed to by X-register to the terminal. .
Entry requirements: X-register contains the address
of the characters to be output.
Exit: A-register is destroyed. X-register is incre-
mented.



OUT2HA (8E175) (SE10F) — Output two hex char-
acter in A-register to the terminal.
Entry requirements: A-register contains the char-
acters to output. ;
Exit: A-register is destroyed. X-register is incre-
mented.
OUT4HS (SE17C) (8E196) — Output four hex char-
acters (2 bytes) plus a space to the terminal.
Entry requirements: X-register contains address of
first byte.
Exit: A-register is destroyed. X-register contains
address of second byte.
OUT2HS ($E17E) ($E198) — Output two hex char-
acters (1 byte) and a space to the terminal.
Entry requirements: X-register contains address of
byte to output.

OUTS ($E180) (SE19A) — Output a space.
Entry requirements: none

Exit: A-register destroyed.

The ability to gain access to two co-residing monitor
ROMs via manual or software commands combined with
keyboard, audio cassette, or data terminal I/O capability
provides opportunity for moving program data between
various storage media. It is possible, for instance, to
create and assemble a program under the control of
MINIBUG II or III using an RS-232-compatible digital
cassette terminal. The resulting object code is loaded to
MEK/D2 RAM using the MINIBUG “L” command. The
Monitor Control Switch may now be used to initialize
the JBUG Monitor in order to move the object code in

Exit: A-register is destroyed. X-register is incre- RAM to an audio cassette tape with a JBUG “P”
mented. command.

goonl MAM MOMNALCC

oooonz orT O:=

annos ¢ ITUBROUTINE TO CONMTROL ROM RCCESS PIA

oonn4g ¢ FROM UZER PROGRAM. ROM ACCESE CONSTANT

00005 e IZ RERQUIRED IN ACC-E ON SUBROUTINE

no00e + ENTREY AZ FOLLOWE :

aoooy . $01 = ENAELE MINIBUG ROM-ACIA ACCESE

oooos . %02 = ENAELE JEBUG ROM~-ACIA RCCESS

oooo9 * $03 = ENABLE TOGGLE EWITCH ACCESE

noo1n 2006 I0DDE  EQ 2006

00011 2007 CRE EGL $2007

aoole 0000 328 MONARCC PEH H

00013 0001 4F CLR- A

oo0i4 0002 BT 2007 TR A CER ENAELE DDE RCCESS

00015 0005 43 COM A

ao001e 0006 EBY SO008 ZTR A IODDE MAKE ALL PEB-“E OUTPUTE
oo01y 000% 26 04 LR A +#%04

ooo1g 000k BT S007 ZTR A CRE ENARELE I0 RCCESE
00019 000E 26 02 LDR A #%03

00020 0010° B7Y S008 TR A IODDE PRE-SET E2 E=sR INPUTE
gooz21 0013 F7 2008 TR B IO0DDE WRITE ACCES:E WORD TO E3

gnoze 001e 32 FUL A

00023 0017 29 RS

aonz4 . IDE = PIA DATA DIRECTION REGIETER-E ZIDE
onogs . CRE = FIA CTRL REGIZTER-E ZIDE

onon2e L4 IODDE = FIA I-0sDIRECTION REG-E ZIDE
ooo2v END

IODDE 2006

CREB 2007

MONACC 0000

TOTAL ERRORS 00000

FIGURE 19 — ROM Access Subroutine

* § is Motorola Resident Assembler syntax for a hexadecimal
number.
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Figure 20 presents a tabular comparison of command
sets for JBUG, MINIBUG and MIKBUG monitors. Any
two pairs of these monitors may be used to configure
the MEK/D2 computer to maximum advantage to suit
the application through use of the dual monitor access
logic described in Figure 12. A comparison of the com-

mands of Figure 20 reveals that an excellent combina-
tion might be a MINIBUG II/MINIBUG III configura-
tion. This would provide capability for memory test,
punching and loading of binary tapes as well as access to
the powerful software edit functions of Trace and Break-
point insertion.

Monitor Function JBUG MINIBUG 1] MINIBUG 11 MIKBUG Notes
Display Internal Registers R R R R i
Load RAM from Tape L [ L =
Dump RAM to Tape (Punch) P P P P 2
Memory Examine/Change M M M M 3
Go to Entered Address and Execute G G G G 4
Set Terminal Baud Rate = S S - S
Test Memory — w — - 6
Punch Binary Tape from HAM — Y — - 7
Load Binary Tape to RAM — 4 — - 7
Abort Program Execution (Escape) E — - -
Trace One Instruction N = N =
Set a Breakpoint v v - 8
Reset a Breakpoint A" - U -
Continue Execute from Breakpoint E, G — (o] —
Delete All Breakpoints Vv - D - 8
Print Addresses of All Breakpoints - B —
Trace N Instructions - — i -
NOTES

1. Order of Display: JBUG (PC,X,A,B,CC,SP); MINIBUG Il and IIl, MIKBUG (PC,SP,CC,B,A X).

2. Before executing, load beginning and ending address of range in locations A002 to A005.

3. For JBUG: Enter address, type M for contents.. For MINIBUG: Enter M followed by address. Contents are
displayed after typing last address character. For MIKBUG: Enter M, space, address. Address and data are
printed.

4. For JBUG: Enter starting address, type G.For MINIBUG: Type G, followed by address. Execution begins
after type of last character. For MIKBUG: Load start address in AD48/A049, type G.

5. For 110 Baud: Type S1. For 300 Baud: Type S3.

6. Performs six memory tests: walking address, write/read all ones, all zeros, AA, 55 and “Walking Bit."’

7. Data is in binary (not ASCII) format. Requires a terminal with DC2, DC4 character recognition.

8. For JBUG: Type address where breakpoint is desired, followed by V. A total of five may be entered. Re-
moval of all breakpoints executed by typing V not preceded by address. For MINIBUG 11l: Same as JBUG
except eight breakpoints may be entered.

9. IRQ vector must be stored at AOOO/AD01, NM| must be stored at AO0O6/A007 for all monitors.

FIGURE 20 — C

* Figure 21 presents a brief test program for evaluating
user-program access to monitor subroutines through the
monitor switching logic. The program should be exe-
cuted from JBUG, i.e. with the monitor select switch in
the J-poisition. Upon execution, MINIBUG addressing
is enabled and a string of control characters are trans-
mitted to the terminal. Following this, any character
typed at the terminal is echoed to the terminal. When
the character “ESC” is typed, the program jumps from

ison of M
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the echo loop, JBUG addressing is software enabled and
program control passes from the user program to the
JBUG monitor. This action may be checked by viewing
the dash “prompt” in the keyboard LED display im-
mediately after typing the “ESC” character on the
terminal keyboard. )

The W command of MINIBUG II may be used to test
all memory in the expanded system. Figure 20 describes
the use of this command.



anoog
aoooz
ooooz
aoonog
o000s
000oe
aoooy
oooos
ooooe
ooo1o
ooo11
anoiz
00013
ooo14
anols
o0nié
ano1y
ono1s
onon1e
annz2o
aooz1
noozz
ooo23
anonz4
aoo2s
anozée
00027
anoze
aonz9
o030
00031
onoze
00033
00034
Qoo3s
0003e
00037
00038
Qo039
00040
00041
0004z
00043

4000
4000
4003
4004
4005
4007
400R
400C
400F
4011
4014
4016
4017
401R
4010

401F !

4020

LR B 3R R IR R 2R 2R 2R B 3R 2R 2R 2R 2R 2R IR 2

HAM TEST1
OoFT Oy =

TEET FPROGRAM TD EVALUARTE =0FTWARE ACCESE TO
JEUE AND MINIEUGS ZUEBRDUTINES THROUGH MONITOR
EWITCHING LOGIC. TERMINAL IE 200 BRAUDs RE-232
CONFIGURED. FROGRAM DOEE MINIELUG ADDRESE
ENAELE: EXECUTES CR + 4LF % AT TERMINALs

THEN JUMFS TO A CHARACTER ECHO MODE. ERCH
CHRRACTER TYFED AT THE TERMINAL I: ECHOED

AMD FRINTED AT THE TERMIMAL. WHEM AN "EZC"

1% TYPEDs THE FROGREAM JUMPE OUT OF THE ECHO
LOOF AMD ENAELEZ JEUG MONITOR ADDEEZZING.
CONTROL 12 PAZSED TO THE JEBUS MONITOR. THIZ
ACTION MAY EBE VIEWED EY OBSERVING THE JEUG
"PROMPT" ©A DAZH: ON THE MEK-DZ KEYEOARD
DIZPLAY IMMEDIATELY FOLLOWING TYFE OF THE
"EZC" OM THE TERMINAL. THE FPROGRAM IS INITIATED
FROM JEUS WITH THE "G5" COMMAND.

s004 I0DDA  EQU $3004
s00e I0DDE EGQU F2008
s005 CRHA EGL F2005
2007 CRE EQLU Fz007
3002 . ACIAC EQU 2002

2009 AC

CE 41FF

Ce 01
BD 4032R
g6 03
EV S002

BD E102
86 0OR
ED E108 K1

C1 04

IARD EQU F2009
OrG F4000
LDX #$41FF
HOF
SEI
LDAR B %01 GET MINIELIG EMAELE CONZTHNT
JER MOMNACC ENARELE MINIBUG RDDRESZIING
LDAR A #$03
TR ‘A~ RCIAC CLEAR RCIA
LDR A %09 FBITZsEVYN FRTY»1 E=TOF:-16
STHA A = ACIRC CONFIGURE RCIR
LDAR A #$0D
CLE E
JER $E108 ¥MIT CR
LDA A +#3$0R
JER $E108 BMIT LF
INC E
CMP B #%04 4 LF"S 7

FIGURE 21 — Test Program
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00044 4022 2e F8 ENE K1 END LOOFP

00045 4024 ED E115 K2 JER $E115 ERING IN TERMINAL CHAR
aon4de ¢ ACCUMULATOR A CONTAINE THE AECII CHRARACTER
00047 4027 21 1B CMF AR #$1B IS IT AN “ESC" 7

o004z 4029 27 05 EER K2 IF YEE LERYE ECHO LOOFP
00049 402k ED E108 JER FE108 ECHD CHAR TO TERMINAL
000S0 402E 20 F4 ERA Ke GO LOOK FOR NEXT CHAR
00051 4030 Ce 02 K3 LDA B %02 GET JEUG EMNRBLE CONSTANT
ooosSe 4032 01 MNOP -

00053 4033 01 NOF

00054 4034 ED 403R JER MONACC ENRELE JEUG ADDREZZING
00055 4037 7E EO02D JMP $EOSD JUMP TO JEBUG INIT VECTOR
00056 .

noosv? ¢ee ZLUEROUTINE eee

nooss ¢ ACCE CONTARINE ENABLING CONSTANT ON ENTRY
000359 ¢ $01=MINIBUG, $02=JBUG, $03=MANUARL EWITCH
000&0 .

000581 403R 326 MONACC PEH A

00062 403EF 4F CLR R

00063 403C BY 2007 ETH A * CRB EMAELE DDB HRCCESS
00084 403F 43 COM A

00065 4040 B? 2008 + ZTA A I0DDE MAKE ALL FB-E OUTPUTS
nooes 4043 36 N4 LDA A #$04

0007 4045 BY 2007 ETHR A CRE EMABELE ID ACCESE

Nooe3 4048 36 03 LDAR A =$02

00069 4048 BY 2006 ETH A IDDDE FPRE-SET E3 EsR INPUTS
00070 404D F7 8006 ETR B IODDEB WRITE RCCESES WRD TO E3
00071 4050 32 FUL A

0007z 4051 39 RT=

aoovs END

I0DDDR 8004

IODDE S006

CRA 2005

CRB s007

RCIARC 2008
RCIAD 2009

K1 401C
K2 4024
K3 4030

MONRCC 403R

TOTAL ERRORE 00000

FIGURE 21 (Continued) — Test Program
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SUMMARY OF MODIFICATIONS

A summary of foil-path modifications which account
for both memory expansion and inclusion of multiple-

Figure 23 presents a tabular summary of additional
power supply capability required to support the expan-
sion logic and memory. Data from this table may be
used to estimate requirements for a specific system

monitor logic is tabulated in Figure 22. configuration.
Cut Foil Connect Cut See
Path At Path Term Figure
U6/36 | A Side to E4/3, E7/1 DBES 3
*U11/4 | A Side to E23/1 RAM 9
8 Side to U11/6 4/5 — VRA 2 9
T 3dindl U11/9 |A Side to E5/2,4 v ROM 12
B Side to E5/3 ROM J 12
Typfeal s }Bi I U11/12A | A Side to E5/10;12 7o 12
k:C. X
Ux B Side to E5/8 764 12
U23/3,4 (B Side to E1/12 . Feset 12
Cut Foil Path u7/8 |B Side to E7/0 DBRE 10
U20/23 | A Side toU11/12 70 — User PTA. -
U21/23 |A Side toU11/12 76— Keyboard P1A =

*For system with 16.5K memory only. For 8.6K system; connect A
side to E1/11 and B side to U11/5,

FIGURE 22 — MEK/D2 Foil Path Modification

EXPANSION LOGIC
Expansion Worst Case Supply Reference
Device Type Currents (mA) Figure
£ 74LS04 6.6 4,8,12
E2 MC8T97 98.0 12
E3 74LS74 8.0 12
E4 74L.S00 44 3,4,12
ES 741832 9.8 12
E6 MC14507 0.008 12
E7 741.8133 1.1 10
E9 MC1455 6.0 4
ESl MC6830 130.0 14
E12 MC6850 105.0 14, 15, 16
E13 MC1455 6.0 37
E14 mMC1488 25 (+12 V), 15 (-12 V) 15
E16 MC1489 26.0 15, 16
E16 MC8T96 89.0 16
E17 74LS74 8.0 4
E18 4N33 10.7 (+5 V), 80 (+12 V) 16
E19 4N33 20.0 (+12 V) 16
E20 4N33 10.7 (+5 V), 20 (+12 V) 16
E21 MC14503 0.004 3
E22 74LS08 8.8 4,6
E23 74LS86 10.0 9
EXPANSION MEMORY ARRAYS
Worst-Case Supply Currents (mA)
Architecture Type Motorola Part +5V +12V 5V -12v
2k x 8 Static MEX6812-1 1000 - - -
8k x 8 Dynamic MEX6815-1 860 300 - -
16k x 8 Dynamic MMS68100°* 1200 333 “ -
16k x 8 Dynamic MMS68103 1200 333 - 1.7

*Not board-geometry compatible with EXORciser.

FIGURE 23 — DC Power Supply Requirements for
MEK/D2 Expansion
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CONCLUSION

The techngiues discussed in this note add the follow-
ing capability to the basic MEK/D2 kit microcomputer

*
*
*

Power-up auto-reset

Switch-selectable monitor operation

RS-232 or current-loop data terminal operation at
all standard baud-rates

RAM expansion to 16.5K bytes

ROM-resident subroutine acquisition by user
program

Operation with JBUG, MINIBUG II and III or
MINIBUG ROM monitors
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AN-773

A CRT TERMINAL
USING THE M6800 FAMILY

Prepared by:
Joe Roy and Dusty Morris
Systems Engineering

This Note describes an M6800-based CRT
Controller. A display format of 24 rows
of 80 characters is featured. A Motorola
M3000 Video Monitor is utilized.
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A CRT Terminal

Using the M6800 Family

By Joe Roy and Dusty Morris

This article describes a versatile M6800 based CRT
Controller for “glass-teletype,” smart, programmable,
and intelligent CRT terminals. While a complete dupli-
cation of the entire package may be beyond the capa-
bilities of most readers, some of the design features
should be of particular utility in other construction pro-
jects. Of particular interest is the exploitation of the bi-
phase clock architecture of the M6800 system, provid-
ing higher throughput, more 1I/0 handling capability,
less interference patterns during refresh meémory
acc and task-orientated multiple pro-
cessor implementation in a CRT terminal than is pos-
sible with other approaches. Let's look at the features
of this CRT terminal:

1. 24 rows of 80 characters.

2.7 X 9 uppercase characters in a 9 X 12 dot
block; shifted lower case through the use of a
custom programmed MCM6832 16K Binary
ROM.

3. Conventional non-interlaced raster scan.

4. Blink, half-intensity, video invert, underline, and
non-display FACS (Field Attribute Codes);
embedded FACS with optional widened memory
capability.

5. Alternating inverted/non-inverted cursor.

6. 50/60 Hz field rate is logic selectable; display is
centered for both 50 and 60 Hz.

7. Transparent accesses of Refresh Memory by VIA
and MPU.

8. Limited graphics implementation with no
changes in basic design philosophy.

9. Design philosophy facilitates up-grading a sim-

ple economical terminal with upward compati-
ble software and hardware to a task-oriented
multiple processor intelligent terminal.
MPU is unburdened from overhead of refresh
memory contention and is free to service key-
board, edit functions, serial communications,
and high speed control such as floppy disk.

10.
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The basic configuration for a microprocessor-
controlled CRT terminal is shown in Figure 1. An
MC6800 microprocessor executes the CRT terminal
executive firmware routine and jumps to driver sub-
routines when servicing the keyboard, serial synchro-
nous or asynchronous interface, floppy disk formatter,
and other peripherals. Cursor movements, R/W, and all
editing functions are programmable and under micro-
processor control. Actual refresh of the CRT monitor
display is done with a configuration of SSI/MSI hard-
ware called a VIA (Video Interface Adapter). The VIA
provides video, vertical sync, and horizontal sync to the
Motorola M3000 (or equivalent) monitor. The monitor
must meet the requirements specified in Figure 2.

The MPU and VIA share the CRT Refresh Memory.
Since the processor clock is derived from the VIA, both
are synchronized. As shown in Figure 1 timing
diagram, the VIA accesses memory for CRT refresh
during clock phase @1, while the MPU accesses
memory during @2. The Refresh Memory is organized
in an odd address block and an even address block.
Both an even and the adjacent odd address characters
are transferred during a @1 access, whereas a single
character is transferred to the MPU during a 02
access. The “odd/even memory” concept allows char-
acters to be pulled from memory at a rate (~ 2 MHz)
sufficient to update the CRT. The “interleaved clock-
ing” of memory makes it look transparent to both the
MPU and the VIA. That is, neither delays the access of
the other to memory. Consequently, less MPU over-
head results than in other approaches. -

Note that the interleaved clocking of memory is
unaffected by cycle stretching of either MPU @1 or
Q2 ...techniques used for refreshing dynamic
memories, synchronizing other 1/0, or interfacing slow
memory.

The Refresh Memory provides a bidirectional data
bus to the MPU and a two byte output bus for screen
refresh. The two bytes of display data are pipelined to
even and odd latches which are alternately enabled as
data to the address inputs of an MCM6832 character
ROM. The address is an ASCIl character which the



®._Single M6800 Microprocessor Controls CRT, Keyboard, Serial Communications
Interface, and Floppy Disk in Smart/Intelligent CRT terminal.

®| Unique 2-Port Refresh Memory Configuration eliminates contention overhead for memory accesses.

DATA BUS
i

To Other
To Flopay a 2 4 4 3 4 L 3 Peripheral
Dusk intertace ADDRESS BUS & |nterfaces
& . >
l v l A 4 ;
MCM 68317 mces20 BCesm S0
o 3 3 ) e B ol
o bkl MCE850 MceBs2
sl ACIA SSDA ,t =
MCM 6832 MC 74195
i I MCE7S % o
‘ cHARACTER > erricing Clack Driver g
MC6860 Synchronous 7 3
‘Modem Modem 17 MH2
4 l"m'l
AN o =
Ar Adapte: Lagic Osciltator
Filters or
Bisyne l
2.PORT REFRESH MEMORY OPERATION o The MPU @1 and 62 clocks are
Motorola synchronized to the Video
Serial MPU 1 X::pon-l:\ 'Jﬂ"' M3000 Interface Adapter (VIA) timing
Communications 1 MHz | eads an even and Video Momitor ® Accesses to the Refresh Memory
tines ::,:':.‘a:' odd on opposite phases of the clock
by the MPU and VIA result in
*The MCM 6832 isa MPU 2 MPU reads writes, i
evion 1ty R [ oFraR ) Tt o
:,‘;c ‘.‘3‘3 ::;73“531“:9, el Note: DMA circuitry can grab the Address Data or blanking of the screen
il s bus from the MPU during 2 d required during data transfers.
Figure 1. M6800 Terminal Block Diagram
1. Character Matrix (Columns 7 7
2 (Rows 9 9
3. Character Block (Columns 9 o
4. (Rows 12 12
5. Frame (refresh) Rate 50 HZ 60 HZ
6. Rows of Characters 24 24
7. Active Scan Lines (line 6 times line 4) 288 288
8. Delay before Vertical Sync (No. of scan lines) 1667 us (31) 0
9. Vertical Sync Width (No. of scan lines) 4.52 215 ps (8) 215 ps (4) 1r;\1;8
ms
10. Delay after Vertical Sync (No. of scan lines) 2634 us (49) 968 us (18)
11. Total Scan Lines (Line 7+8+9+10) 372 310
12. Horizontal Frequency (line rate) (line 11 times line 5) 18.6 KHZ (53.76 us) 18.6 KHZ (53.76 us)
13. Character Rate (line 12 times line 18) 1.8972 MHZ 1.8972 MHZ
14. Characters/Row 80 80
15. Delay before Horiz. Sync. psec: (Character times) 2.1 us (4) 2.1 us (4)
16. Horizontal Sync Width  psec: (Character times) 4.7 us (9) 4.7 ps (9)
17. Delay after Horiz. Sync. psec: (Character times) 4.7 ps (9) 4.7 ps (9)
18. Total character times (line 14+15+16+17) 11.5 us (102) 11.5 us (102)
19. Clock Rate (line 13 times line 3) 17.074800 MHZ 17.074800 MHZ
20. Display size 12" 12"
21. Character Time (reciprocal of line 13) 527 ms 527 ms
22. MPU Clock (line 19-+2X line 3) 9486 KHZ 948.6 KHZ
23. Clock Time (reciprocal of line 19) 58.6 us 58.6 us

Figure 2 Video Monitor Timing
(Motorola Display Products M3000
Monitor meets these requirements)

110



AD
5 Address

A5 = > Butter

EVEN

0oDD

& 7 MEMORY MEMORY
VMA — Decoder BLOCK BLOCK
RIW ——
—T ¢—— ODD BYTE
¥ EVEN BYTE
oEmUx ox
S 1 }
Hex Address
Even Byte 0000
Odd Byte 0001
Even Byte 0002
2K x 8 Odd Byte 0003
pec-ARRD /S z -
T &
Even Byte
Odd Byte O7FEF

Figure 3.

ROM maps into a block of dots. The particular row of
dots (O to 11) in the block is determined by four “row
select” inputs from the VIA. In a raster scan system,
each ASCII character is presented 12 times to the
character ROM with a sequential row select each time
in order to paint the complete character on the screen.

Each row of dots is parallel loaded into an 8 bit shift
register and clocked out serially. Field Attribute Codes
(FACS) such as inverted video are imposed on the
serial data stream by the VIA before the video is sent
to the monitor.

This section describes the 2 port- memory tech-
nique which allows interleaving of the MPU and dis-
play functions with minimal interference. Figure 3 is a
simplified block diagram of the functional impli-
mentation. As can be seen the memory is divided into
two blocks; one ‘even’ and one ‘odd.” Selection of the
appropriate block is by address line AO, while A1
through A10 select one of the 1024 bytes in each
block. A11 through A13 are used to select the parti-
cular “page’’ of memory. R/W and VMA are used in the
read/write process and to determine if data is gated ‘in’
or ‘out’ on the data line DO through D7.

As described earlier, the refresh RAM is organized
as a 1K X 8 even block and a 1K X 8 odd block.
Even and odd blocks are interleaved to form a 2K X 8
“page.” Of the 2048 bytes, 1920 (80 times 24) are re-
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quired per page of display, leaving 128 bytes spare.
Because the refresh-memory looks like any other RAM
on the MPU bus, this spare 128 bytes are free for
scratch and the stack. In multiple page systems, it
serves as an edit buffer.

The refresh memory is implemented with 450ns
2102 style 1K X 1 memories. Even and odd blocks
each contain eight devices. The new 2114 style 1K X 4
static memories (spec’'d at 450ns) are an attractive
alternate (only four are required per page). Memory
addressing .is through 1 of 2 ports. Referring to Figure
4, the schematic offers the two port memory, we will
look into the detailed design.

The VIA address counter (DA1-DA10) is gated with
a set of MC6887 high speed three state buffers, the
Motorola equivalent of the 8797 device. The enable
signal to pins 1 and 15 on U20 and U21 is generated
only during EN DISP ADDR at P2 pin 3 (roughly O1
interval) and when PAGE SELECT is high at P2 pin 4.
The latter signal is only required in multiple page sys-
tems, and determined which page is displayed. Note
that pin 15 on U20 is always enabled. This gates pin
12 to 11 path buffers VMA (Valid Memory Address).
This signal is for gating the MPU address buffers (U18
and U19). When used with systems such as the EXOR-
cisor where a block of addresses must be uncon-
ditionally protected, this signal should be VUA (Valid
Users Address).



(€d) Quvoe
TOHINGY
WSIa

oL

pieog Alowsly Aeydsig ‘¢ ainbiy

S0@ ¥3ISHOXI OL

v

“is3Lom

LIVM 7 3V SHOLSISIU ‘SAVEVAOMOIM NI JMV SINTVA
JINVLIOVAYD "SWHO NI 3V SINTVA 3ONVASISIH

1031419345 351

IHLO SSIINNT

RHOWIN N33

' % P —dW NO SLNINOJWOD TI¥ LNNOW 'Z
o] =a| sq < Q ~dWY 335 NOILLYWNOINI S1UVA ¥04'¢
HISITHONT MM 143N
(68995W )S¥34308 ONILWIANI-NON 350\
YISDYOXI HUM 1433 TYNIS YA q
- Lk
7 90054 | ©
e | ?
g =
Qyvoa
3/Q Qe ABONIN
»| W
FEERENEC I =
B SO Ny Lo
o T
30 N3A3
SN
- L LESPEE]
oL
3/a N3A3
i &af of = €1 LR EE ST |
3 3IY MO LINO A inc 100 ne 1 EL )]
] a q a a
0899M £2n ORI 22n
N0 - NI 400 NI LnC 1o| N 10 o NI 10O NI 0O
) q a ¥ Ll Q L)
2 e z 2| vi| n LS b2
2
[3a!
uu aw |
[_=awo
= <cwo
oz |0
o € o
o 3 Ol
L O
u =5 ™1k
9 — v {9
st 2
/] € W
i o9 [ ] “ov |
€ g i
B o B
—1 >
It = ¢
o
L gl i i
L) | 2
= Hileine s o
T b e Fxo Sl
£ < 0
Slewo  EnpE el
il
€420 M B
V we8om )
R 2 Y 2
.ﬂu o eva |4
_;M B aa |
# v |F ~ L
2100 3on 2N
LNO. il
WO ) S 250 |2

112



The selection of U18 and U19 is decoded by U27
which generates BANK Select. The particular bank (1
of 8 pages) is strap selectable (U29 and U30). The
ENABLE/DISABLE switch on U27 provides a means
of overlaying other chunks of memory with the same
address. The other_gating for BANK SELECT is VMA
(described above), AT4, A5, and EN DISP ADDR (EN
MPU or roughly @2 interval). AO and R7W from the

MPU are gated at all times because pin 15 on U18 is .

tied to ground. '

Devices U22 through U25 are MC6880 high speed
bidirectional data buffers for multiplexing the Even and
0Odd Memory bytes into the MPU data bus (DO - D7)
and vice versa. In systems requiring a non-inverted
data bus, MC6880 is replaced with MC6889. During
an MPU read, either U22/U23 or U24/U25 is enabled
by EVEN D/E or ODD D/E respectively. The buffered
LSB of the MPU address, AO, determines which sig-
nal is active. During an MPU write, both U22/U23 and
U24/U25 are enabled into their respective Even and
Odd Memory blocks. The buffered LSB of the MPU ad-
dress, AO, determines whether EVEN R/W or ODD
R/W is active.

The refresh data is an even byte (EMD®@-7) and an
odd byte (OMD®-7).

Memory for Graphics Applications

Alphanumeric refresh memories are organized on a
character ‘basis. Each code stored in memory repre-
sents a 7 X 9 pattern in a 9 X 12 dot block. The dot
pattern is stored in a character ROM addressed by the
character code in the RAM. The repetition of a limited
set of symbols on the screen to construct messages
makes it possible to use a smaller amount of memory
than would be required in a full graphics application
where every dot is addressable as a memory location.

A “limited” graphics set of symbols for line draw-
ings and forms is usually implemented with a special
character ROM. The nine horizontal dots per character
are provided by the ROM. However, most ROMS are
organized by eight. It is usually acceptable to get the
ninth bit from one of the eight ROM outputs, by
parallel load of the 8th bit of ROM into both the eighth
and ninth bits of the shift register.

Character ROM
output

[8]7]6]s]a]3]2]1]

9]8|7(6]5]4]|3[2]1

Parallel load to
shift register

A full graphics capability requires every possible dot
on the screen to be stored in memory. Since the pat-
tern is stored directly in RAM, all alphanumeric pat-
terns are generated external to the refresh loop.
Accordingly, the character ROM is placed on the MPU
bus, and the dual latches drive the shift register di-
rectly. As in the alphanumeric controller, the RAM
delivers two bytes (even and odd) when addressed by
the VIA for refresh. Read and write addressing by the
MPU is efficiently handled by bit addressing rather
than byte addressing. The complete 64 K address
structure of the MC6800 is decoded by hardware; only
one of the eight MPU data bits is used for transfers.

A graphics terminal dedicates an MPU to the key-
board and I/0 transfers with the refresh memory. All
calculations (e.g. vectors), curves, rotations are done in
an outboard high speed processor (e.g. micropro-
grammed bipolar slice). An interface between the MPU
and the higher speed processor provides means for
control and exchange of input parameters and results.

DISPLAY CONTROL

The DISPLAY CONTROL consists of circuitry to: se-
quentially access ASCI| characters from the 2-PORT
REFRESH MEMORY; generate character row selects;
load row patterns into the Parallel-to-Serial Shift
Register; serially shift the row pattern through Field
Attribute circuits to the monitor as video; provide
blanking, horizontal sync, and vertical sync signals;
perform cursor compare and generate cursor block.

Character ROM

The purpose of the Display Control circuitry is to
paint the contents of the character ROM at the
designated positions on the CRT screen. Custom char-
acter ROMS contain 9 X 16 dot matrix patterns for
alpha-numeric characters of various domestic and for-
eign fonts, limited graphics symbols, control char-
acters, or combinations of all from the above. The ad-
dresses of the character dot matrix patterns cor-
respond to their ASCIl code representation in the case
of alphanumeric and control characters. (Assignment is
somewhat arbitrary for graphic symbols.)

The particular row of dots in each character dot
matrix is selected by four binary row select inputs. Only
12 of the possible 16 rows are utilized in the CRT dis-
play being described. The 12 rows are adequate for
shifted lower-case characters (g, j. p. q).

Referring to Figure 5 we see that a 16 K binary
ROM (e.g. MCM6832) provides 128 possible ASCII
characters (only 7 X 12 of the 8 X 16 dot block is
used). This is a practical number of characters for most
applications. Note the eighth bit of the ASCII code is
always available. If it is not used for imbedded Field
Attribute Codes (see FAC circuitry description), it can
be used to select a second MCM6832 with a differ-
ent font or graphics. The tri-state capability of the
MCM6832 facilitates this mode of operation.

General Timing

All timing, including MPU @1 and @2 is derived from
an MC12061 crystal oscillator running at the video
rate, 17.074800 MHz. The circuit is very stable and al-
ways starts from power up. The TTL output of the
MC12061 is buffered with a 74S04 before distribut-
ing the clock to avoid distortion. The distribution of the
clock is critical. Video Clock and Video Clock are

“fanned out using 74S04 inverters in the same pack-
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age (for minimum differential propagation delay).
Loads are split equally. An alternate distributor is a
high speed clock driver with complementary outputs.
An important consideration is to keep all 17 MHz logic
close together and in proximity to a ground. This will
minimize noise and distortion.

There is another method for arriving at 17.074800
MHz. Although it is more expensive, a phase-locked
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loop or phase-locked oscillator is used. The line fre-
quency is the reference and vertical sync the compar-
ison signal. In areas where the line frequency varies
radically from nominal, the more expensive system is
often required to reduce the visible beat on the CRT
screen.

A + 9 counter divides video rate down to a
character rate of 1.9 MHz. On/Off decodes from the <+
9 counter are resynchronized in 74S113 high speed
flip flops. The signals provide the General Timing in
Figure 6.

Decodes off the Character Column Counter provide
horizontal timing (Figure 7). Vertical timing is from the
Character Row Counter (Figure 8).

Note the operation of the Address Counter. It must
repeat each character address 12 times to paint a
complete line of 80 characters on the screen. This re-
quires storing the address of the first character in each
line (function of the 74LS latches). Another function of
the Address Counter is to advance to address 64 dur-

ing V blank. (Effectively, this amounts to a start ad-

dress of 128 since the memory is addressed two bytes
at a time.)

Another function of the Display Control Electronics
is cursor compare. The contents of -the Address
Counter are compared with PIA data for coincidence.
The DM8160’s are exclusive-or comparators. PIA data
is a binary address which is manipulated by the MPU
for cursor control.

The other circuitry in the Display Control portion
generates invert/non-invert cursor block when cursor

compare is sensed and furnishes FAC (Field Attribute

Code) logic.

FACS (Field Attribute Codes)

There are two popular methods for handling FACS.
In the wide memory method, the memory size is in-
creased by adding bits to each character in memory.
Each bit controls a different attribute code for that
character. The other method imbeds FAC characters in
refresh memory. The eighth bit of the ASCII code is
usually decoded as a FAC flag.

87 654321

T .
———

Possible FACS

Flag for FAC

When it is a logical one, the other seven bits are
latched as FACS. Once latched, the FAC applies to all
subsequent characters until another FAC code is
decoded. The only exception is at the end of a char-
acter line; all FACS are hardware reset. This scheme’s
advantage is low cost to implement; the disadvantage
is the use of a memory location per FAC code. Not only
is character density decreased, but the individual char-
acters in a string can not be accented with FACS. It is
possible to get around this drawback by stripping
FACS from the memory before display, but requires
extra hardware and is a programming nightmare.
When individually accented characters are required, it
is usually better to implement a wider memory.
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The wide memory approach to FACS may seem
clumsy at first glance ...the MPU has an 8 bit bus.
How are 8 bit MPU transfers done? Construct two
pages of memory — a page of ASCII characters 2K X
8, and a page of attributes (2K X 1,2, 3,4, ..., 8). The
attribute page is a mask and need only be accessed
when the attribute changes or must be read.

For simplicity, the -imbedded FAC method was
implemented in the CRT terminal. Few changes in
Display Control circuitry are required for a wide
memory approach.

CURSOR/KEYBOARD

Referring to Figure 9 we can see how to add a cur-
sor/keyboard interface to this “glass teletype.”

Cursor

The cursor address is stored as the contents of a
PIA. The eight least significant binary bits are PBO -
PB7 and the three most significant binary bits are PAO
-'PA2. There is a one-to-one correspondence between
‘the binary cursor address and @ memory location on
the screen. The-assignment of bits in the PIA is for
programming convenience. An STX instruction to the
A side of the PIA writes the higher order byte of the
index register into the A side of the cursor PIA and
the lower order byte into the B side of the cursor PIA
(provided the address lines to RSO and RS1 are re-
versed).

The cursor address is binary rather than X-Y be-
cause the binary address manipulations are more fre-
quent. When X-Y addressing is required (e.g. com-
munication interface), a conversion subroutine is
called.

Keyboard

Either a fully-encoded or non-encoded keyboard can
be designed. Whichever, a PIA provides the interface
to the MPU. In a fully-encoded keyboard, the key-
board hardware generates a strobe and an ASCII
encoded character corresponding to the depressed
key. All debounce ‘is handled by the keyboard hard-
ware. The strobe pulse applied to the PIA CA or CB in-
puts causes an interrupt to the MPU. The MPU reads
the ASCII character through the PIA and performs the
appropriate function. For an alphanumeric character,
the MPU writes the data at the present cursor location
and increments cursor PIA contents. For control char-
acters, the corresponding commands are executed.
(e.g. space, carriage return, insert, delete, etc.)

&> &
Row 0 "
7 &l I
Row 1
NS
B

A non-encoded keyboard is a set of switches wired
in a column/row matrix.
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If the columns are scanned one at a time, and the
rows read back, the simultaneous depression of any
one or two keys can be discerned. For n keys, diodes
are wired in series with the switch contacts.

The scanning of columns, reading of rows, and
switch debounce are under software control. Keys are
strategically placed in the matrix so the column and
row location easily translate into an ASCII code. Cost
savings and flexibility of this non-encoded keyboard
versus a fully-encoded keyboard sometimes justifies
the additional MPU overhead in a basic CRT terminal.

A non-encoded approach is described here.
Referring to the schematic, the keyboard columns are
normally held low. When key(s) are depressed, lows
appear on the keyboard row inputs. A keyboard inter-
rupt is generated, which starts a scan. Keyboard
column outputs are brought low in sequential order.
Together with the Shift and Control PIA inputs, the
active columns and rows are encoded as an ASCII
character and temporarily stored. A 6.88 msec inter-
rupt is provided for debounce and a PIA input for
REPEAT (also .1 sec interrupt for this function and a 1
second interrupt for clock functions).

The software for a non-encoded keyboard ranges
from simple to quite complex depending on how fool-
proof the algorithm is.

Comparison of CRT Terminal Architectures

The central design criteria of a modern CRT ter-
minal is the method used for multiplexing refresh
memory between the MPU and the display refresh cir-
cuitry. In this section we will discuss time-division
multiplexing and priority multiplexing. Throughput ver-
sus hardware complexity for different techniques will
be analyzed. Schemes which result in missing a charac-
ter refresh during an MPU transfer are not considered.
These techniques result in operator annoyance in
many applications (e.g., Key-to-Disk), and are not
appropriate for the modern CRT terminal.

Priority Multiplexing of Refresh Memory

These techniques fall into two general categories:

A.MPU grabs Refresh Memory and locks out
Refresh Circuitry.

B. Refresh circuitry grabs Refresh Memory and
locks out MPU.

Method A results in zero burden on the MPU; how-
ever, a sufficient number of refresh characters must be
pipe-lined into FIFO to keep the screen refreshed dur-
ing an MPU access. The fast memory and complex
hardware to accomplish this task is unattractive.

Method B is probably the most widespread tech-
nique in use today. The dual line buffer approach is

r Address Bus
& L4
o 16 REFRESH
Data Bus i
7
8
n byte
h 4 Line Buffer
(EVEN LINES)
Interrupt B o %—/—5 it e
8 P8
n byte
Line Buffer
(ODD LINES)

Dual Line Buffering Technique



representative of this class. All data for a line on the
screen is stored in FIFO's (usually 80 bytes).

While the Odd line buffer is keeping the display
refreshed, the Even line buffer is being filled with the
next displayed line from Refresh RAM through a DMA
channel. The functions are alternately reversed. In an
alphanumeric terminal, average MPU burden is be-
tween 15 and 30% with peak burden on the MPU of
100% for 80-100 microseconds when loading either
line buffer. The MPU is stalled during this transfer and
cannot service high speed interfaces (e.g. Floppy Disk).
With the addition of extra hardware, the Refresh page
of the RAM is isolated from the processor bus during
DMA, thus allowing the MPU to continue processing
provided it attempts no accesses to memory. In con-
clusion, the dual-line buffers and DMA configuration is
more expensive, has higher parts count, and imposes a
severe burden on the MPU compared to the time-
division multiplexed technique. ¥

Furthermore, the DMA approach is very inefficient
for full graphics, since there are no recirculations of the
line buffer as in an alphanumeric display.

TIME
INTERVALS

—_—

Time Division Multiplexing of Refresh Memory

In the most general time-division multiplexing sit-
uation, either an MPU or Refresh access may com-
mence or end asynchronously to time-division multi-
plexing intervals. By delaying accesses, the MPU and
Refresh circuitry are brought in sync with their respec-
tive time intervals. The sync delay for MPU access, at
the expense of throughput, is implemented by “cycle-
stretching.” The sync delay for Refresh access is
accomplished by pipe lining a sufficient number of re-
fresh characters into a FIFO to keep the screen

TIME
INTERVALS

REFRESH
ACCESS

CHARACTER TIME

MPU
ACCESS
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refreshed during an MPU synchronization delay. The
FIFO is typically two bytes deep. The disadvantage of
this technique is the requirement for fast memory. It is
considerably simplified if the time-division multi-
plexing is made synchronous with character rate. Sync
delay is no longer required for refresh and the FIFO cir-
cuitry is eliminated (a single byte latch is still re-
quired). Also memory speed is reduced. This simpli-
fication is not always acceptable; e.g. it may result in
excessive MPU “cycle-stretching” at slow character
rates.

The technique for sharing CRT Refresh Memory
described in this article is a special case of time-
division multiplexing. The access intervals for Refresh
and MPU are ¢ 1 and ¢2, respectively.

As ¢1 and ¢2 clocking signals are outputted even
during wait states, no matter how long this MPU is
forced into a wait state the screen will remain re-
freshed. Since there is no overlap of accesses, no
contention circuitry is required and the MPU burden is
zero at all times. While you may not want or need to
duplicate the entire circuitry described in this article,
the bi-phase memory access technique may be used

—-| REFRESH I MPU l REFRESH I MPU I

——

wherever it is necessary to use a DMA (Direct Memory
Access) for two major systems.

The M6800 implementation is very simple due to
constant cycle lengths, whereas it is difficult if not
impossible with variable cycle length MPUs. The only
drawback to this scheme is that the MPU rate is a de-
rivative of the character rate. This translates into a
clock rate lower than the maximum MPU clock rate
allowable. Consequently, the throughput is reduced.
For example, the parameters chosen in this design
reduce the throughput by 5% because the MPU runs
at 950 KHz.

" REFRESH
ACCESS

MPU
ACCESS
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A SIMPLE HIGH SPEED BIPOLAR MICROPROCESSOR
ILLUSTRATES SYSTEM DESIGN
AND MICROPROGRAM TECHNIQUES

Prepared by:
Bill Blood
Applications Engineering

High speed bipolar LSI 4-bit slice
circuits can significantly reduce processor
system package count. This is shown with
a microprocessor which uses only 10
integrated circuit packages to perform
2’'s complement add, subtract, multiply
and divide.
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INTRODUCTION

The engineer familiar with MOS microprocessors
learns new skills when designing a higher performance
bipolar LSI system. Bipolar LSI 4-bit slice circuits are
building blocks allowing the designer to configure a
processor architecture, size, and instruction set for
optimum performance. Additional flexibility is gained
through the use of microprogramming because the
processor can perform more complicated instructions such
as multiply and divide or, alternately, can be designed to
take advantage of existing software.

The following text goes through a complete bipolar
LSI system design. Steps include define the system,
block out ‘system sections, set up the microprogram
structure, pick bipolar LSI parts, generate a microprogram,
and finalize the system design. Three system goals are
used throughout the project.

1. Maximize the use of bipolar LSL

2. Show the flexibility of microprogramming.

3. Maintain the bipolar LSI speed advantage.

The system is being designed as a demonstration and
technical support tool. However, the design flow and
decisions involved represent a wide range of bipolar
LSI processor systems.

DEFINE THE SYSTEM

System functional requirements must be defined prior
to hardware design. This seems obvious, but changes
later in the design cycle complicate programming and
often increase package count. Figure 1 shows the I/O
structure and program functions of this processor project.

Operand A
Multiplicand
Dividend MSB

|
|
|
|
|
|
|
|

The system has 16 input lines which enter a 16-bit data
word or two 8-bit words in parallel. Similarly, 16 output
lines display the results as either one 16-bit word or two
8-bit words.

A program select input port selects which processor

program is executed.

1. ADD, SUBTRACT, and EXCLUSIVE OR read two
8-bit operand inputs and generate an 8-bit answer.
The eight most significant bits are held at zero.

2. MULTIPLY reads an 8-bit multiplicand and 8-bit
multiplier. The answer is a 16-bit product.

3. DIVIDE requires two data inputs. First a 16-bit
dividend is entered, then the 8-bit divisor. The
answer is an 8-bit quotient and 8-bit remainder.

The final processor input is a start signal given after

input lines and program select are present. Since start
could be from a pushbutton or toggle switch, bounce
elimination and pulse shaping are included in the
system design.

BLOCK OUT THE SYSTEM

The major blocks of a bipolar LSI processor are ALU,
I/O, microprogram sequencing control, and microprogram
memory. These functions are interconnected as shown
in Figure 2. The ALU block handles all arithmetic, logic,
and shift operations. It also includes working registers
for temporary storage and a means for the input of new
data and output of results. The MICROPROGRAM
SEQUENCING block generates the microprogram memory
address and provides a method for sequencing through
microprogram. It combines with BRANCH LOGIC to
make tests for conditional jumps in program. '

_ Operand B
Multiplier 3
Dividend LSB/Divisor

Processor

MECL Demonstration

legg—— Start

e
e Program
Select
[ —

Zero
Product MSB
Remainder

Sum/Difference/EX OR
Product LSB
Quotient

FIGURE 1 — 1/O Description



The key to building a bipolar LSI system is in parti-
tioning the MICROPROGRAM MEMORY block. The
memory is divided into sections called fields, each capable
of an independent function. Any combination of these
fields can be selected to execute a microinstruction.

In Figure 2, the PROGRAM FLOW field is separated
into two parts. The INSTRUCTION section tells the
microprogram  sequencing logic how to generate the
next program address. Instructions include increment,
jump, branch on condition, jump to and from subroutine,
etc. The NEXT ADDRESS section of the program flow
field provides a destination address for direct jump or
conditional branch instructions.

The BRANCH field sets up test parameters for
conditional jumps in program. For example, a jump if
ALU results equal zero would be accomplished by gating
zero detect from the ALU to a branch input on the
microprogram sequencer. The corresponding INSTRUC-
TION would be branch on condition and NEXT ADDRESS
contains the conditional branch destination. In this
manner it is possible to select any number or combination
of test signals.

DATA and ALU fields go to the ALU and I/O block.
The DATA field controls data transfers between the
input ports, output ports, and internal working registers.
The ALU field controls the various arithmetic, logic, and
shift operations required to execute a program.

Start/Reset/Clock

Microprogram

The system being developed here is designed around
three LSI circuits as shown in Figure 2. Two MC10803s
handle all ALU operations, provide working registers,
and control the 16 input and 16 output lines. A single
MC10801 provides logic for microprogram flow and
addressing. Additional MC10801 and MC10803 infor-
mation is given in the following key LSI parts section.

Processor programs are stored in the microprogram
memory. This system uses four 10139 PROMs in a 32-
word by 32-bit organization. At first it may seem
surprising that add, subtract, multiply, divide, and
exclusive OR are all stored in 32 memory words.
However, each word is 32 bits wide so several processor
functions can be performed in parallel. These seven
integrated circuits form the processor nucleus. Three
additional SSI parts provide for crystal oscillator, power-
up reset, and start pulse shaping. Branch logic gates
route test signals into the MCI10801 for conditional
jumps in program. The result is a high-speed bipolar
processor with only ten integrated circuit packages.

Figure 2 can be used to define the term micro-
instruction. A microinstruction executes all functions
in a microporgram memory word. A clock signal into
the MC10801 microprogram sequencer logic puts a
program address location on the address lines. The micro-
program memory then sets up select lines on the MC10803
to read data in, operate on the data, and display or

Data In

—

ALU and I/O

Data
Out

Inst [ Next Add.

Sequencing MC10803 MC10803
MC10801
A ?
d Branch
d Logic
r
e
s [
B
| AW WEE
P Fl
e el Branch Data ALU

Microprogram Memory — 10139 PROMs

FIGURE 2 — Processor Block Diagram
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store the results. In parallel with the ALU, a new micro-
program address is being generated from microprogram
memory and branch logic inputs to the MC10801. A
second clock pulse gives the microprogram a new word
address and clocks any ALU function into the appropriate
storage register. System performance is measured by the
microinstruction time and by the number of micro-
instructions required to execute a program.

The flexibility of microprogramming allows the

processor to perform a wide variety of system functions.
The five programs—add, subtract, exclusive OR, multiply,
and divide—being developed are only a small sample of
the possible combinations. The processor could be
expanded for process control, data formatting, digital
filtering, minicomputer design, peripheral controllers,
etc. Four MC10803s will directly operate on 16-bit words
and give a corresponding increase in I/O lines. Two
MC10801s allow microprogram memory expansion to
4K words for more comprehensive programming.

@ Bus
Control
MC10801
o8B CYyR
D
fe}— Status
I
Instruction —-
Increment
Next LIFO
A Address Stack — | Bus
ex <
, Logic R4—-CR7 I'B
Address » i %
CR2
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CRO CR1 CR3 X8 Inputs
‘cno Fzs ‘cas
Microprogram Select Status
Memory Lines Qutputs
Address
@ Bus | Bus
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o8B B
Data Matrix iplal la}—— Pointer
P
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Clock —{m= ALU 4—5 Carry
T ZD
Register = Condition
File MAR ov %
: DB ? ms * AB
Data Select Address
Bus Lines Outputs
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FIGURE 3 — Key LSI Parts



KEY LSI PARTS

Prior to continuing it is important to look at the
MC10801 and MC10803 LSI parts. The various internal
sections of each part are shown in Figure 3. MC10801
CRO register holds the microprogram memory address.
Sequencing information goes into the Next Address
Logic block where it is decoded and the correct next
address routed to CRO. An incrementer is used with
several sequencing commands. For example, an increment
command routes the CRO outputs through the incre-
menter to CRO inputs. Each clock pulse then advances
the microprogram memory one location.

CR1 is used with program flow repeat cycles. The
repeat count is loaded into CR1 enabling an individual
instruction or sequence of instructions to be repeated
until the cycle count is reached. CR2 is a general purpose
register that can be used to store machine instructions or
interrupt vectors. CR3 is a status or condition code
register. Individual bits can be tested within the MC10801
for conditional jumps in program.

A 4-deep LIFO stack is included in the part for storing
subroutine return address. A jump to subroutine command
takes the present microprogram address through the
incrementer and pushes it into the stack. Next Address
inputs go to CRO for the subroutine destination. A
subroutine return pops the LIFO and routes the return
address to CRO. A total of 16 different instructions are
built into the MC10801 for various program flow
requirements.

@Bus

| Bus

The MC10803 performs both data transfers and ALU
operations. There are five I/O ports (I Bus, ¢ Bus, A Bus,
D Bus, and P inputs) for transferring data to or from the
part. Internally there are six storage registers. The MDR
can be used to hold incoming or outgoing data. It also
functions as an accumulator for the ALU. The MAR
holds outgoing data for the A Bus. Four additional
registers are contained in the internal register file block.
A Data Matrix accepts data transfer commands and routes
data between the various I/O ports and internal registers.
The final block is an ALU which performs arithmetic,
logic, and shift operations. Both the MC10801 and
MC10803 are controlled by select lines which in turn
are controlled by microprogram memory bits.

PROGRAM FLOW

Program flow charts describe the various processor
operations and determine a microprogram instruction
sequence. Figure 4 shows system data paths available to
a programmer. These data paths, the ALU, and working
registers are used in the following program flow diagrams
and later to write the microprogram. All Figure 4 data
paths and logic except the link bit storage are contained
within the MC10803. Link bits are used with multiply
and divide to hold shift in and shift out status. Available
CR3 register bits in the MC10801 provide this function.

MDR ad

ALU

Link

RFO

D Bus

MAR

A Bus

FIGURE 4 — Processor Data Paths
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Figure 5 shows the flow patterns for add, subtract,
and exclusive OR. Initially the processor is random on
power-up or displaying the results of a previous calcula-
tion. It is in a continuous loop waiting for a start signal.
After receiving start, the program performs several
initialize functions. RFO is zeroed as required for add,
subtract, and exclusive OR, see Figures 1 and 4. Setting
up for a possible multiply or divide the link bit is set to
zero, the ,complement of 8 is loaded in the MC10801
program cycle counter CR1, and I Bus data is transferred
to the MAR. These functions are common to both
multiply and divide. Location at this point in program
saves microinstructions.

RFO— DB
Test Start

“0" — RFO
“0" = Link
8 — Cycle Count

\

1B = MAR

ra Program Test

Multiply

Program flow continues to a main decision point.
Here, the processor looks at the program select inputs
and picks one of five possible program directions.” Add,
subtract, and exclusive OR are each one step programs,
Figure 5. The ALU looks at the ¢ Bus and I Bus inputs,
performs the selected operation, and transfers the answer
to MAR. The program jumps back to start and displays
the answer.

Multiply is an implementation of Booth algorithm as
shown below:

1. Load multiplier into MAR
2. Load multiplicand into MDR
3. Zero RFO and link bit
4. Set cycle counter to 8
5. Test MAR LSB and link bit
LSB LINK
0 0 GO TO 8
0 1 GO TO6
1 0 GO TO 7
: 1 1 GOTO8
6. Subtract RFO - MDR = RFO, go to 8
7. Add RFO + MDR - RFO
8. Arithmetic shift right RFO - MAR - LINK
9. Decrement cycle counter; if #zero, go to 5
10. End.

FIGURE 5 — Start-Add-Subtract-Ex OR Program Flow Diagram

To
Divide

Add Subtract Exclusive OR
@B + 1B =~ MAR @B - 1B~ MAR ?B & IB —~ MAR
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The multiply flow diagram is given in Figure 6.
Figure 5 sets up the multiplier, RFO, cycle counter, and
link bit. Figure 6 loads the multiplicand and contains
the program paths for add-shift, subtract-shift, or shift-
only as required for 2’s complement multiplication.
As seen in the figure, the processor alternately tests the
link bit and MAR LSB to select a program flow path.
This simplifies the branch select compared with testing
both status points in parallel. The program cycle counter
is incremented after the double precision RFO/MAR
shift right and tested for the end count. After 8 cycles,
the program is complete. The result is a 16-bit answer
with the 8 least significant bits in MAR and the 8 most
significant bits in RFO.

FIGURE 6 — Multiply Flow Diagram

To
Start

Multiply

@B - MDR
Test Link

Test LSB

Arith. Shift Right
ASR RFO —- MAR — L

Inc

=End |

Divide is an implementation of a non-restoring division

algorithm as shown below:

. Load dividend LSB into MAR

. Load divided MSB into RFO

. Load divisor into MDR

. Set cycle counter to 8

MSB RFO exclusive NOR MSB MDR - LINK
. Shift left RFO <« MAR < LINK

. Test MAR LSB; if zero, go to 9

. Subtract RFO - MDR - RFO, go to 10

9. Add RFO + MDR - RFO

10. Decrement cycle counter; if # zero, go to 5

11. Shift right MAR, link = *‘1”

12. Go to format correction.

The program flow diagram starts in Figure S where the
program cycle counter is set and the least significant bits
of the dividend are transferred from the I Bus to the
MAR. The remaining divide program flow is shown in
Figure 7. The first block is a start loop which waits for
the divisor data on the I Bus. The dividend MSB is trans-
ferred to RFO and the divisor to MDR. The program goes
through eight repetitive cycles, each setting link bit
status, shifting left the MAR and RFO,-and performing
the divisor add or subtract with RFO. After the eighth
cycle MAR is shifted left with a logic “1” forced into
the LSB through the link bit.

0N YA W~

Cycle Count
Test Count

|

Subtract
RFO - MDR — RFO

Add
RFO + MDR — RFO
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At this point, the answer is numerically correct with
the quotient in MAR and the remainder in RFO. However,
the answer may be in an unacceptab<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>