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ABSTRACT

When a CCD is used for signal processing,
multipliers are required to multiply two signals or
multiply the signal with a weight. The desired
features of a multiplier are (a) low harmonic dis-
tortion, {b) wide dynamic range, (c) compatible
signal levels, (d) small size, (e} low power dis-
sipation, and (f} compatible with the CCD process-
ing. From the design standpoint, many of these
requirements are conflicting. This paperis a
study of the design of MOS multipliers with CAD.
In particular we use the Fourier analysis capability
of the CAD program to analyze the harmonic dis-
tortion rejection, DR, of the multiplier,

I, INTRODUCTION

The multiplication function can be performed
with MOS transistors operating in the tricde
region. The drain current Iy of an MOS transis-
tor can be approximated as

2

I = e DS {n

D (VGS -V

T} VDS + BV

where VG5 is the g'afe to source voltage, VT is the
thrgshold voltage, Vg is the drain to source volt-
age and {«, g ) are physical parameters propox-
tional to the width to length ratio and maobility of
the channel. When the drain to source voltage is
low, i,e. near the origin of the output character-
istics, the square term in Eq. (1) is small and

Ip™ « Vgg -V Vps

{(2)
If Vgg and Vg represent two signals, then the
drain current has a term (a Vgg Vpg), which is
proportional to the product of the two signals. If
the two signals represented by Vg and Vpg are
substituted in Eq. (1) or Eq. (2), there are terms
other than the desired multiplied outputs such as
a Vps VT or B Vpg 2/2. These extraneous com-
ponents of the drain current can be reduced ina
balancedmultiplier(l)as shownin Figure 1, But the
signals may contain dc bias which must eventually
be eliminated, One signalis given as V_sin ¢
with a dc offset Vy., The other signal is V,, sin ¢
with a dc offset Vy. The signal Vyx + Vx sin ¢

is applied to the commeon drain of Q3 and O4. The

signal V4 +V,, sing is applied to the gate of Q3, butonly
the offset volége Vy is applied to the gate of Q4, The
carrents of O3 and 04 can be obtained by substitut.
ing in g, (1) Vx + V. sin § as Vpg and Vy + Vy
sin ¢ as Vg for O3 and Vy as Vgg for Q4.

I = a

D3 3 [(VY+V sin ¢ -VT ) (VX{»szina):l +

3
33 [(VX + Vx sin 9)2] 3 '
I, =e, [(VY S V) (Ve Y sinqb)]+

34[(VX +V_sin g )2]

y

{4}

The differential output current Ipg is obtained by
subtracting Eq., {4} from Eq. (3), assuming identi-
cal thresholds (VT3 = Vp4) and physical para-
meters {a3 = a4, By = 134 ):

_ _ - inf Sing +
IDO IDB - ID4 “Vx VY sin

aVXV

{5}

sin ¢

But in a typical MOS array needed for a CCD cor-
relator the assumptions used to give Eq. (5) are
invalid, so that a four~quadrant sequential multi-
plication operation {2) is needed to eliminate terms
due to array non-uniformities which degrade re-
jection of the two input frequéencies. CAD Fourier
analysis, however, facilitates evaluation of the
susceptibility of various candidate circuits to de-
gradation of distortion rejection due to MOS array
nonuniformities.

II. EFFECTS OF DRIVING IMPEDANCES
ON THE MULTIPLIER

For the proper operation of the multiplier, the
driving peint impedance should be low, Otherwise,
the product current will develop a voltage across
this impedance which would multiply with the volt-
age at the gate and cause distortion,

Since the impedance of a floating gate, from
which the signal is derived is high compared with
the channel resistance of the multiplier, a buffer
must be placed between the floating gate and the




drain of the multiplier, A balanced multiplier can
be used in conjunction with a source follower buf-
fer as shown in figure 2,

Let Rpp be the output impedance of the buffer,
then a voltage Ixy RoR would appear at the drain.

Ixy Rob =®Vx Vy Ry {6)
When multiplied by the gate signal Vy' an un-
desired product current I’ is produced

) {7

I“= «aV (aV V R
y( x y OB

This current should be much less than the desired
product current « V_ 'V Let the rejection ratio

v
be DR. Then,
a VvV V
DR X ¥y ﬁ 1 (8}
vV - vV
avy(“ x yROB) ROB “ v

. - v /1L - . .
where « #Cox k' X/ - w= mohility, wx/Lx is the

width to length ratio of the channel of the multi-
plier transistor. For the buffer
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where L, 1WB are the length and width of the
buffer.

Combining these three equations, we have this
limmitation from the drain buffer

(W /L) (V -V,
BB Uas, T Ty

v

y

(10)

W /L = DR]DB
X p-4

In a similar fashion, any impedance in series
with the gate of the multiplier can develop a volt-
age by virtue of the feed-through capacitance from
the drain of the multiplier transistor. 3) 1f the
multiplier gate signal is directly derived from the
floating gate of a CCD with sensing capacitance,
CrG, the impedance of the driver is the imped-
ance of the capacitance Cp. The voltage feed-
through is equal to VxCgdy/Cpq. If the desired
signal is Vg, the rejection ratio limited by gate
interaction is simply

v C
y FG . DR] (11)
x gdy @

One way to reduce the adverse effect of the
feedthrough from the drain to the gate of the multi-
plier transistor is to place a buffer between the
floating gate of the CCD and the gate of the multi-
plier, DBecause the gate of the multiplier should
be more negative than the drain for p-channel

transistors, it is easier to derive the proper d-c
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voltage with an inverter than a source follower,
The schematic diagram for an inverter buffer at
the gate is shown in Figure 3, complete with
"dummy" sensing circuits for automatic multiplier
biasing and clock feed-through cancellation (using
small resistors in lieu of a differential current
meter to facilitate CAD modeling).

Besides a lower impedance, it is also possi-
ble to increase the voltage gain. The output im-
pedance is the source impedance of the load
device, Q2:

| 1
= (12)
Em a2 Vase V2!
where VGSZ is the gate to source voltage of QZ.

The feedthrough signal f{rom the drain now becomes

v v
x 1 x
1 1Tz T AV V3
Tl +g— m 1+ 2' G52 T
d m juC
gdy j9C 4y
{13)
The rejection ratio now becomes
DR] Yy 142 Vese V) 14
G~V e (14)
x gdy
I, ANALYSIS OF THE MULTIPLIER WITH

A DRAIN BUFFER ONLY

For the proper operation of the multiplier in
Figure2 the drain of the multiplier transistor Oy
should be driven from a voltage source; i.e., the
output conductance of the source follower (Ql’ QZ)’
should be larger than the conductance of the multi-
plier Q3. If the current source 3, is operating
in the pentode region, the output conductance, Q)

should be operating as a pentode. The output
conductance is then egqual to
dl
D1
— =« (v -V, g (15)
dav GS51 T 1
GS1 1 I m

where o} is a geometry constant, V;g; 18 the gate
to source voltage, Vo) is the threshold voltage,
and g, is the transconductance. If Vx is the

d-c voltage of the first signal appearing at the gate
of 0y and V3 is the d-c source voltage then source-
follower operation gives:

(16)

The drain voltage of 2 is also V3 and the gate
voltage should be chosen to operate in the pentode

region. One convenient way is to make the gate




voltage of 02 equal to Vg,
of (3) and Gp,

For equal geometry

Vx = V3 - Vpy 7Yy -V n
If the self-biasing effect is small, VTI = V‘I‘Z

V3 = VX/Z (18)

Combining (15), (16}, (18)

Enp = % Vx/2- V) (19)

This conductance should be larger than the
conductance of the multipliexr:

dr
D3
g,~ = e, (V.-V} {20)
3 dV s 30 GS T3
or
8.1 = B3 (21)

1f the two signals are at the same d-c level then

Vast = Vass = Vx/? (22)
Equation (21) can be satisfied if
«, (vx/z - VTI) > a (vX/z - VT3) {23}
If all the transistors have the same threshold
voltage, then
(24)

ﬂ’1>a3

Since aj and @3 are proportional to the width to
length ratios, it is desirable to have
W

1
L1

v
2\3
L3

(25)

Meanwhile, the multiplier transistor must not be
cut off, i, e, {{rom eqn, 22)

> .
VX 2VT3

(26)

From the standpoint of linearity, it is desirable
to use a large amplitude Vy; because the linear
triode region, where the linear multiplication
function is performed, should be large compared
to the signal., Thus, the larger the dc signal level
Vs, the closer the multiplier approximates opera-
tion near the origin of eqnl and the better is the
harmonic distortion rejection. On the other hand,
a large value of Vy gives rise to large dissipation,
and the choice of V¥ is a compromise between
distortion and dissipation,
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The dissipation of the drain-buffered multi-
plier is essentially due to the buffer and is equal
to

P, z a, (vx/z - VTZ)ZVX (27)
If, to satisfy Egn (26), one chooses

Ve = 2(Vop, + V¥ (28)
Then from Eq. (27),

P,T 2 e, (vl (v, vy (29)

From Eq. {29), we can see that a lower VT re-

duces the power dissipation. Therefore, a

<100> crystal orientation with a low threshold
volitage should give reduced power consumption.

A depletion mode transistor should help similarly.

Another consideration in designing a multi-
plier is the output current,

g
ml H
1 =a_ [(V, +V sing) :
3 [ X x gml+gm2+g3
(Vg + Y, sin¢g - T3):} (30)
The desired output is the product term,
aq B
3 "ml (vay sing sin¢)
En1’ Em2*83 :
From (19} and (20) *
@3 Bml .
g ,te o tg,
ml me 3 (3 1)
(v )
@, a = _
13\ 7 -V
v v v
a X—V)+G(X—V )+Q(X-V>
1 (—“—2 T1 25 T2 AN T3
Here we see that larger geometry multipliers in-
crease the desired output signal current but only '
up to the point where buffer loading occurs. This
is in concert with equation (10), which shows that
distortion rejection performance requires very

limited loading by the multiplier on the drain
buffer,

IV, THE FULLY BUFFERED MULTIPLIER

With a single {source-follower) buffer to drive
the multiplier drain, the signal for the gate of the
multiplier is assumed to be directly derived from
the floating clock of a GCCD. There are some ad-
vantages if an inverter is placed between the float-
ing clock and the gate of the multiplier. a) Voltage




gain achieved for the signal, b) Reduced capaci-
tive feed through from the signal at the drain of the
multiplier to the gate of the multiplier. While the
inverter lowers the driving point impedance, gain
may reduce the d-c voltage developed at the multi-
plier gate and simultaneously increase the ac
signal voltage there.

In Figure 3, if the amplifying transistor Q3 and
the Ioad device Q) are of the same minimum geo-
metry and both transistors are operating in the
pentode region; then the voltage gain is unity, and
the output conductance is the transconductance of
the load device, To operate Q) in the pentiode
region, the following condition should be satisfied:

v

D51 (32)

= -
V3 VY v

T1

Since the same current must flow in both Q_ and
0y, for pentode operation we must have

L=z Vg~ Vo = 127
*2 2
-V
7 Vasa = Vo)
or {33)
v V. AV sV, -V Jr e
o~ V3" Vra t Wy - Vg - ()

2

But the unloaded voltage gain, A, of such an in-

verter may be approximated by:

v?

8
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Combing {32), (33), and (34) gives: Vpp
(1+Ag (Vy -V +VT2

)
Ty

For the case of unity gain and comparable thres-
hold voltages, the minimum V‘DD becomes

{2 Vy - V). Also equation {35) indicates that the
power dissipation of the multiplier gate buffer,

(34)

Il
(
2

a

1

/2
)

{(35)

& a

>

Pg, increases directly with the voltage gain:

Pg = ) (VY - VT])Z (i +AV) (VY) (36}
Application of eqn (27) to Figure 3 gives

Py ¥ (Vy/2 - ""1‘16)2 Vx 67

Again invoking the requirement that the multiplier
not be cut-off for the dual buffered circuit of Fig-
ure 3, we find

Viisa (v, - VX/Z) >V (38)

Y T4
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To simplify the operation of the two CCD's, it is
desireable to use common clock and hias levels,
so that one may again want to apply

v

v
X

Y

o

.2V VY, (39)

yielding a combined power per multiplier stage of

L %* 2
P:Pd+Pg~2{VT+V) [«16(V) +

£ 2
2V
ap {1+ A4} ( V) ] (40)
The benefits of low threshold and operating volt-
ages are certainly apparent to minimize on-chip
heat generation.
V. THE FOURIER ANALYSIS BY CAD

The distortion error of a multiplier can best
be determined by Fourier analysis as shown in
Eg. (5), the desired term is the product term, If
the two input signals are harmonically related say
¢=N@, where N is an integer, then the desgired
output is *V, V_ sing sin N¢ . From trigonometry,
this product term can be resclved as a sum and
difference frequency terms.

sing sin Ng = 1/2 [Cos (N-1) 8 -Cos (N+1}9]
(41)

All other frequency components are undesirable,
The distortion rejection ratio can be defined as

2 2
Vi (it VR )
[NYOUIST)
. 2 2
3 - _
) [V (mf £ )+ ¥ (pf £ )

DR =

3
(m, p) =

2 2 2
VI ) VT + Y (pfcﬂsme):]

(42)

The different frequency components of a
Fourier Analysis can readily be obtained with a
CAD program,

VI, RESULTS OF CAD FOURIER ANALYSIS
Many circuit configurations were considered
and evaluated by means of CAD Fourier analysis,
includiag {i) MOSFET circuits consisting of all the
same type devices requiring no extra fabrication
steps beyond those needed to make CCD's, ({ii)
circuits incorporating depletion mode devices,
(iii) complementary MOSFET circuits, (iv) com-
bined MOS and bipolar circuits, and (v} permuta-
tions of all the preceeding, The MSINC CAD pro-
gram developed by Standord University was used
for all non-bipolar circuits. To best illustrate
important aspects of the CAD Fourier analysis
technique, we have selected one of the many circuit
configurations studied: in particular, a fully
buffered MOSFET circuit fabricated completely



within a typical CCD manufacturing sequence,
featuring complementary operation as shown in
Figure 3. Most of the significant data from four
different computer runs for the selected circuit
(PCWCO = PMOS correlator with complimentary
operation) are presented in Tables 1 through 4,
where the bottom-most harmonic listing describes
the single multiplier current {I4 =(V8, 1T)= 10
ohms) while the harmonics above that give the
differential output current. A summary of the CAD
data is then listed in Table 5, to facilitate com-
parison with the preceeding general analysis.

For the purpose of the CAD Fourier analysis, all
other CCD clocks and switches (like the floating
clock switch) are assumed to be in the state they
would occupy at the time of anlalog readout.
Furthermore, although the a-c-signal surface
potential variations in a CCD typically exceed one
volt amplitude, considerable attenuation of that
amplitude due to parasitic capacitive loading has
been incorporated into the model by setting the
applied sine-wdve signals at one-quarter volt peak-
to-peak, {Tabulated amplitudes are from center to
peak.) Both the ac and dc conditions used in the
model closely approximate those observed in our
own non-destructive parallel readiout CCD( %)

Run PCWCQO-4-3, shown in Table 1, describes
a PERFECTLY UNIFORM array with the CCD
operated to give an ac''Fat:Zero'" level of about
ten volts on the floating clock, In Table 2 (Run
PCWCO.4-5) a nonuniform multiplier threshold
offset of 0.25 V. is introduced, and the effects
are comparable to such an offset in the floating
clock/gate buffer circuit. A 0.25V, threshold
offset nonuniformity in a floating clock/drain buf-
fer is contained in Table 3 (PCWCO-4-6). The
final run (PCWCQ0-4-2) shown in Table 4 is again
a perfectly uniform array but with higher voltage
operation, The summary of results (Table 5)
accentuates the following conclusions:

(1) The theory of the SEQUENTIAL four-guadrant
multiplier nominally requires only a single
transistor, not a differential matched pair.
Table 5, however, -shows that rejection of the
input drain signal would be substantially more
difficult by around 80 dB. {i.e., the sequential
cancellation of two extremely large quantities
is required.)

{2) The differential circuit enhances the rejection
of the drain signal second harmonic by at least
20 dB over the single FET multiplier.

(3) . An increase from 10V, to 12V. for the ac Fat
Zero level nearly doubled the power consump-
tion per multiplier but did not proportionately
improve the distortion rejection, due to the
resultant loading (see #7 helow).
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(4) Two identical minimume-geometry devices as
biased in the inverter give a gain around half;
while two identical larpger devices give a
slightly larger gain as source followers, The
inverter was just barely into the pentode re-
gion, which may be cured by a larger Vpp
bias, that increases power consumption.

{(5) Array nonuniformities which introduce multi-
plier source-drain offsets will degrade re.
jection of the input gate frequency and the
intermodulation of the gate frequency with the
second harmonic of the drain signal as well
as the drain signal and its second harmonic to
a smaller extent,

(6) Array nonuniformities which introduce multi-
plier differential gate offsets degrade rejec-
tion of the input drain signal and its second
harmonic.

(7} The limited range tabulated for loading (A} by
the multiplier on the drain buffer falls totally
within the region that the source-follower
buffer gain (Ap) is being degraded by the
multiplier load:

ngs 1 1

A = = =

D (43)

1+ngs 1+gds/gm 1+/\-1

This eguation describes the tabulated correlation
between AD’ A, and, consequently, the desired
output signal via eqn (31). Since this group of runs
does not involve greatly reduced loading, there

is no apparent relationship between distortion re-
jection and A ; and eqn (10} is not truly applicable.

Some of the more promising configurations
are now undergoing experimental hybrid-device
laboratory evaluation. The observed character-
istics closely match the CAD Fourier Analysis
predictions like those exhibited in Tables I through
B, Figure 4 illustrates the typical output of a
minimum geometry PMOSFET pair with

v = 51l mV, DCand 0.2 V at 1 KHz
DS PP
= f . 2V 5.
VGS 3,962V, PBC and 0.2 op at 5. KHz
= . . A = .
VSB 11.78 V. DC and VG 142 mV

VI, SUMMARY/CONCLUSIONS

CAD Fourier analysis of analog multiplier
arrays for CCD signal processing facilitates com-
prehensive study of most practical device con-
figurations before commitment to mask layout is
required, The CAD Fourier analysis technique
helps evaluate many trade-off options and




interactions between the following: (1) Device amplitude and distortion rejection, and suscepti-

technology such as simple MOS, MOS with deple- bility of circuit performance to array nonuniform-

tion mode FET's, CMOS, and MOS with bipolar, ities,

(2) Area and complexity of each buffered multi-

plier circuit, (3) Circuit performance to include Computer predictions and laboratory multichip _

drive and signal compatibility with the associated hybrid models agree reasonably when such com- :

CCD's, power consumption, output signal parisons are possible,
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Perfect Uniform Array, No Offsets (PCWCO-4-3)

Table 1.
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An Offset (0. 25V) Multiplier Threshold {or Floating Clock/Gate Buffer) (PCWCO-4-5)
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An Offset (0,25V) Floating Clock/Drain Buffer (PWC0O-4-6)

Table 3.
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Table 4. No Offsets; Higher Voltage Operation {PCWCO-4-2)
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Table 5. Summary of MSINC Run Data:
PMOS Correlator with Complementary Operation (PCWCO)

“PCWCO" Run No,

Differential Output

Single-Ended Qutput

Item 43 4-5 4-6 4-2 43 45 4-6 42
Absolute Currents (na.) Drain Freq. 0236 370.t 13688 1340 T767 1411 71899 2572
Gate Freq. 7467 8176 160.8 .45563 9232 1.003 1519 5362
{Gate - Drain) Freq.{Desired Signal) 4840 5088 4504 38.66 4524 4755 4558 36.77
{Twice Drain) Freq. 0312 2,292 .16562 0233 26.95 2991 3922 2063
{Gate - Twice Drain} Freq. 31456 3779 .8035 .1490 8461 .7224 6433 2552
Distortion Rejection {dB): Drain Freq.* 66,3 -17.2 602 494 .318 -204 -324 -369
Gate Freq. * t 36.2 359 -11.1 388 338 335 -104 367
{Twice Drain) Freq. 638 269 487 646 45 40 2113 5.0
{Gate - Twice Drain} Freq, 437 426 350 485 362 364 170 432
Power {(mW): Drain Buffer 3.026 3.026 2.914 6.65%
Gate Buffer 2,682 2582 2.582 4.740
Total 5608 5.608 5496 11.395
Loading: g,,14 {micromhos) 2458 2458 243.3 3259
- gpg4{micromhos) 228 175 253 359
Ratio:( . } =A 11 141 96 9.1
9m14 + 9ps4 1 23 3
91 (micromhos) 3 323 2. 9.5
Muttiplier Drives: Vpgg (mV] 0 0 1376 0
Vggq (V) 4322 4322 4.335 5276
Vgpg V) 4.462 4462 4450 5404
AC Signals:  Vgea (mV.} 79.59 80.69 7516 71.74
Vgs4 (mV.} 65.69 65.69 65.69 6343
Buffer Gain: Drain {%) = Ap 637 646 60.1 674
Gate (%) =Ag 626 626 526 507
Multiplier Efficiency: -£2
——  y2
v (fg—fD) + st4xvgs4’ 9.26 09.60 912 872
Run No. Key:
PCWCOQ--4--3; Perfect Uniform Array, No Offsets,
PCWCO—4-6: An Offset (0.25 V) Muitiplier Threshold {or Floating Clock/Gate Buffer)
PCWC0O—4-6: An Offset {0.25 V) Floating Clock/Drain Buffer
PCWC0O—4-2: No Offsets; Higher Voltage Operation
* Distortion Rejection Values Prior to Four-Quadrant Sequential Muitiplication Operation.
t This Model Circuit Makes no Provision for Gate-Frequency Cancellation,
76-0971-TA-2
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Figure 1. Conceptual Multiplier Circuit 76070521
Figure 2, Drain-Buffer Multiplier Circuit
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Figure 3. CAD Modeling Gircuit for Fully Buffered Multiplier
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Figure 4. MOS Analog Multiplie r Qutput

44



