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CMOS Transconductance Multipliers: A Tutorial

Gunhee Han and EdgaraBchez-Sinenciokellow, IEEE

Abstract—Real-time analog multiplication of two signals is one
of the most important operations in analog signal processing. The Device S
multiplier is used not only as a computational building block but { vitn(®) Nonlinearity | i = kv, (t)v,(t)

Nonlinear

also as a programming element in systems such as filters, neural vi® b 2 cancellation =
networks, and as mixers and modulators in a communication Q) i, =av, +by, scheme
system. Although high performance bipolar junction transistor +ev)HA
multipliers have been available for some time, the CMOS mul-
tiplier implementation is still a challenging subject especially Fig 1. Basic idea of multiplier.

for low-voltage and low-power circuit design. Despite the large

number of papers proposing new MOS multiplier structures,

they can be roughly grouped into a few categories. This tutorial s simply given by

provides a complete survey of CMOS multipliers, presents a

unified generation of multiplier architectures, and proposes the 1o = Gt Q)
most recommended MOS multiplier structure. This tutorial could

serve as a starting reference point (and metric) for comparison \where

of new CMOS multiplier circuit configurations. An illustrative

CMOS chip prototype verifying theoretical results is presented. Gm1 = G (Tbias1)- (2a)

Index Terms—CMOS multipliers, low noise design, low voltage

circuits, multipliers. For a bipolar transconductofy,,,; becomes

I 1as
G = —bvl (2b)
I. INTRODUCTION 2V

ULTIPLIERS perform linear products of two signalswhereV: is the thermal voltagerT'/q).

z andy yielding an outputz = Kzy where K is a Next, a small signal, is added to the bias current as shown
multiplication constant with suitable dimension. Multiplierdn Fig- 2(b). The second input signa(¢) can be converted
are often categorized as single-quadrararidy are unipolar), INt0 & currentis(t) = Grava(t), as illustrated in Fig. 2(c).
two-quadrant (where or i can be bipolar), and four-quadrant! en, the output current yields

multipliers (where both: and ¢ can be bipolar). Noise and ) Tiast + Grava(2)

bandwidth are often not optimized for multipliers. Modulator io(t) = Gmyivy = v, v1(t) (32)
and mixer are particular cases of multipliers that are designed G a1 (B)va(t) Ib: .

with noise and frequency constraints. The history of the analog io(t) = — 51 + 21;; vi(t)

multipliers is originated from its use as a mixer and as an I tt o * .

amplitude modulator which involves a multiplication of two _ Duinz0s(Bvat) | Doiasi0s(t) (3b)
signals. The basic idea of the multiplier implementation is 2Vi2v, 2V,

illustrated in Fig. 1. Two signals;; (t) andv»(t), are applied Of

to a nonlinear device, which can be characterized by a high- i () = kyoy ()va(t) + kavr (£). (3¢)

order polynomial function. This polynomial function generates
terms like v(t), v3(t), vi(t), v3(t), vi(t)v2(t) and many Thus,q,(t) represents the multiplication of two signals(t)
others besides the desired(t)v2(t). Then it is required to andw,(¢) and an unwanted componekyv; (t). This compo-
cancel the undesired components. This is accomplished byient can be eliminated as shown in Fig. 2(d). Better cancella-
cancellation circuit configuration. tion is achieved when the third transcondudi6t,..) becomes

A multiplier could be realized using programmable fully differential transconductor, and;, and v, are fully
transconductance components. Consider the conceptual trafi$erential inputs as illustrated in Fig. 2(e).
conductance amplifier of Fig. 2(a), where the output current

io (t) = 2]€1U1 (t)vg(t) (4)
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Fig. 2. Multiplication operation using programmable transconductor.
process for low-cost fabrication. Thus, the popular BJT Gilbert TABLE |
Cell is not suitable in a standard digital process, and designers SUMMARY OF MULTIPLIER OPERATING MODES
must addreSS'low power SUpply VOItage reql.‘”rements' Ongperating Input signal Active | Cancellation method Type | Comment
problem that circuit designers often encounter is how to selectregion | injection method | term
the best multiplier architecture for their applications. Unfortu- o V.V, single-quadrant I
nately, designers who propose multipliers in the literature often m#‘“
do not make reference to or comparison to other multipliers.
This lack of comparison causes the same basic multiplier ety Va square device I Ni’_t |
. . . 7 ractical
architectures to be, from time to time, reported as “new” Linear H% ?
architectures.
. . T . i V.V, single-quadrant i Not
In this tutorial, we cluster transconductance multipliers into ] . practical
eight types. They can be categorized into two groups based fH%
on its MOS operating region, linear [5]-[21] and saturatior
[22]-[51]. It should be emphasized that the fundamental i Ve square device S
multiplier circuit topology for many of the multipliers is the ﬂ
same. Besides the above major multiplier structures, mul- ¥ z - .
. ) . : . R i v, square device v
tipliers operating in the weak inversion region [52]-[54], ﬁ"q
. .. . Saturation +y
dynamic multipliers for sampled signal system or neural
networks [55]—-[61], voltage—current, and current—current mul- " Hﬁy vZ square device Vi Not
. e actical
tipliers [62]-[64] have been reported. practica
In what follows, we attempt to classify a number of multi- — v square device VI
plier architectures according to different criteria, i.e., transistor 1
region of operation, nonlinearity cancellation schemes, and L V2 Gilbert cell i1l
. .. . . +x .
signal injection method. Table | summarizes these results, %H )
+y (single-quadrant)

more details are discussed next.
Il.  OPERATION MODES AND CIRCUIT TOPOLOGIES single-ended configuration cannot achieve complete cancel-
Despite many reported circuits, only two cancellation mettation of nonlinearity and has poor power supply rejection
ods for the four-quadrant multiplication are known. Since i&atio (PSRR), a fully differential configuration is necessary in
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. . . . Fig. 5. Programmable transconductor.
Fig. 3. Four-quadrant multiplier basic architectures. Common mode com-
ponentsX and Y are not shown in the figure for simplicity. (a) Using
single-quadrant multipliers. (b) Using square devices.
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a sound multiplier topology. The multiplier has two inputs, e

therefore there are four combinations of two differential sig- Y+y— FY+y
nals, i.e.{z,y), (—z,¥), (—z, —y), and(x, —y). The topology
of Fig. 3(a) is based on single-quadrant multipliers. Fig. 3(b) Xe+x | Xox
is based on square law devices. These topologies achieve
multiplication and simultaneously cancel out all the higher @ (b)
order and common-mode componenfs é&nd Y) based on _ . . . o
. o Fig. 6. Four-quadrant multipliers with two transistors operating in linear
the following equalities: region.
(X +2)(Y +y) + (X —2)(Y —y)] [65] for the transconductance parameter and the threshold

(X —2)Y +y)+ (X +2)(Y —y)] =42y (5) voltage of the MOS transistor, respectively. The teffas/ys
in (7), Vi, in (7), or V2 in (8) can be used to implement (5) and
or (6), respectively. More details follow in Sections 1.1 and 11.2.
(X +2)+ ¥ +9)P+{(X —z)+ (Y -} Fig. 4 shows the application methods for two signalglod
X =)+ (Y + )1+ (X +2) + (Y — )2 = 8ay y) ina MOS FET (See Table I, column 2). The small circle on
: o : o “  the transistor terminal represents a fixed biasing voltagad
(6) y are time-variable voltage signals, disregarding the bias. The
respectively. Note that, throughout the paper, lower caEEISt_ three methods are used for F_ET’S operati_ng i_n their Iine_zar
letters, i.e..z, y, vi, i,, represent small signals. region and_the rest are for transistors operating in saturation.
MOS transistors can be used to implement these cancellatigie Si9nal injection methods (b), (d), and (g) in Fig. 4 require
schemes and the fundamental operation is a transconductghci!t@ge summing circuit. This voltage summation can be

multiplier because the MOS FET is a transconductance devifgplemented in many different_ ways [66]-[67], although the
The simple MOS transistor model is expressed as performance of the summer directly affects the performance

) of multiplier. In this tutorial, it is assumed that these signals

Vas Vi are available.
Ig=K |V, —Vp — Vias = K|V Vias — VirVigs — =2 |, . . - .
¢ { & r 2 } d [ go rd Thd 2 In the following subsection, multiplier topologies are cate-
for Vg > Vi, Vs < Vs — Vi (7) gorized based on the signal injection method. All the multiplier
K K types are summarized in Table I.
o= Ve = Vil? = 5[Vl = 2V Vo = Vi,
[I.L1. MOS MULTIPLIERS OPERATING IN LINEAR REGION

for vas > Vi, Vis > vas - Vr (8)
A. UsingV,.Vy. (TYPE I)

for N MOS FET in its linear and saturation regions, respec- First we introduce a programmable linear transconductor
tively. K = 11,C,. Y% and Vi are the conventional notationand show how it can be used to yield a multiplier. In Fig. 5
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Fig. 7. Fully differential four-quadrant multipliers usingysVas term (Type I).

[68], M, operates in the linear region whil®/, operates These configurations are based on the topology in Fig. 3(a)
in the saturation region when proper bias voltageandY and correspond to (5), yielding
are provided. If the transconductan&® is much larger than
K4, then M- behaves as a source follower akg, of M; is I,=1Iy —Iy= (I +13)— (I, +1I,) = 4Kzy (11)
controlled byy through the source followek{,. The source
follower can be replaced with a BJT emitter follower [69
[Fig. 5(b)] or a gain-enhanced MOS source follower [70], [71].
The configuration shown in Fig. 5(c) enhances the effective
transconductance of the source follower. In the case of gain-
enhanced MOS source follower, the auxiliary feedback may
cause some stability problem [72] degrading transient behavide op amp in Fig. 7(a) [14]-[16] can be replaced by the
unless the amplifieA is properly designed. source followers shown in Fig. 7(b) [17]. This is possible
A multiplier can be realized by combining two pro-because the purpose of the op amp is to keep the source
grammable transconductors as shown in Fig. 6(a). The outp@tential of transistors constant. The circuit shown in Fig. 7(c)

currents are obtained from (7) wheketz = Vs andy = V. [18] is the fully (pseudo) differential extension of the circuit
shown in Fig. 6(b) for a complete implementation of (5). The

{Il =K(X+z-Vpr-— %)y (9) Vas Of My, which is operating in linear region, also can be
L=KX-z—-Vr—%)y applied as shown in Fig. 7(d) [19], [20].

V, = —Z¢l, = —4K Zsay. (12)

The difference of output current yields a multiplication as
B. UsingVZ (TYPE II)
The MOS FET operating in the linear region has a square
m, V2 as in (7). This term can be used to realize the
ncellation method in (6). In Fig. 8, sum and difference of
wo input signals are applied to the gate of source followers,
s, and they control the drain voltage @f; that operates
1 the linear region. The summer indicated at the gate of
s can be implemented using an active circuitry or passive
aomponents such as resistors or a floating gate [66]. This
circuit, based on (6), yields

IO = Il - IQ = 2K.’L’y (10)

In Fig. 6(a), the op amps keep the sources of the FET virtual
grounded. This approach has been used in conjunction w
switched-capacitor circuits to implement a weighted-sum
a weighted-integrator [5]-[8]. The configuration in Fig. 6(b
uses MOS source followers and achieves multiplication in t
same way in (9) except in (9) is replaced withy” +y — V.
This configuration is reported in [9]-[13] with gain-enhance
source follower.

A fully differential configuration improves the linearity and
PSRR further because a better nonlinearity cancellation is Iy =1Io1 = loy = Ky (13)
obtained. The fully differential configuration using four MOS
transistors operating in the linear region is shown in Fig. However, the linearity of this configuration is poor.
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Fig. 9. Four quadrant multiplier using dual gate (type IlI).

C. Dual Gate in Linear Region (TYPE IlI)

Another method to inject signal is by modulation [21]

[ L
=
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Fig. 10. Multiplier using\/;?S with diode connection (type 1V).
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Fig. 11. Four cross-coupled FET's multiplier usimgi term.

where

Iuol
V;dol ~ \/ Ilf_d for L1 K Ipola

C= stom - V:s - VT - vaol and C > x,Y. (15)

However, it does not have clear advantage over other multi-
plier types.

I1.2. MOS MULTIPLIERS OPERATING IN SATURATION REGION

A. UsingV;2 with Diode Connection (TYPE IV)

The drain current of a diode-connected MOS FET depends
on V2 in the saturation region. Thus, this signal can be
applied using source follower whose gate input is the sum
and difference of two input signals as shown in Fig. 10. The
topology is similar to type Il. However, the linearity of this
configuration is often poorer.

B. UsinngQS with Gate and Source Injection (TYPE V)

A four-quadrant multiplier based on Fig. 3(b) can be re-
alized by four cross-coupled transistors as shown in Fig. 11.
The output current, yields

I,=1,—1p= 4K$y (16)

[see Fig. 9(a)]. Note thal/; = M, Operate in the saturation y,55e4 on (6) and (8). Varieties of source signal application
region while the othergy, M») are in the linear region. The methods are reported in the literature. Fig. 12(a) uses an op-

output current of circuit Fig. 9(b) can be obtained as

Io == Iol - -[02
2+ y2 — 202
=8KV,,C
Pl G0 — (o + y)?)(AC2 — (2 — »)?)
KV,

amp [22], (b) uses a linear differential amplifier [23], (c)
uses source followeréM;). A separate source follower, as
shown in Fig. 12(d) [24], can be provided to each transistor
in cross-coupled transistors. A gain-enhanced source follower
[25]-[30] or a BJT emitter follower [31] can be used to apply
the source signal. This type is the most widely implemented
multiplier structure.
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Fig. 12. Source signal injection methods for multiplier using te\rﬁgf; (type V).

C. UsinngQS with Substrate Terminal (TYPE VI)

The substrate of a MOS FET can be used as an additional
input terminal as long as the substrate-source junction is kept
reverse biased. The substrate potential controls the threshold
voltage for an NMOS transistor as

Ve = Vo 4 oly2lbel Voo — VAR (47) = N =Tl
X-x

where Vo is the threshold voltage wheb,s = 0, v is
the body effect coefficient, angy is the Fermi potential.
SubstitutingVr in (8) with (17), the configuration shown in
Fig. 13, based on topology Fig. 3(b) and (6), gives Y+y Q Y-y
4K~
I, = yvV2pr| - Y +s Fig. 13. Using substrate signal injection (type VI).

o 2|(/)F| —Y +s
3 an active adder. The floating voltage source can be used as
+ {2(2|¢F| ‘qi Y S)} +Alzx shown in Fig. 15 to rec_a\lize the voltage sum_mation_ [4_0]—[42].
Reference [43] provides a summary of this multiplier type.
4K~ - The structure of this type is similar to type IV. As type IV
\/m v requires an additional transistor, it does not have any advantage

The approximation is valid only i2lpp| — Y + s > 3. OVer type Vil
However, the linearity of this configuration is poor.

(18)

~
~

E. MOS Gilbert Cell (TYPE VIII)

D. Using V2with Voltage Adder (TYPE VII) A MOS differential pair operating in saturation region
This multiplier architecture is based on the nonlinearitgenerates a differential output current characterized by

cancellation of Fig. 3(b) and voltage summing circuits. Four K K2 1/2

cross-coupled transistors with voltage summer realize a four- Ioa=1 — L =1, [1—(235)2 — E(%)‘*}

guadrant multiplier as shown in Fig. 14(a). The tail current s " s

can be removed as shown in Fig. 14(b). The output current _ K,

is obtained as =2V KLzl - .0 (20)
I, = 4K Koy (19)  for K2 < I, wherel, is the tail current and: is half of the

based on (6) and (8). differential input voltage.
This configuration is reported in [32]-[34] using a capacitive The topology shown in Fig. 16 is the same as the one
adder, in [35] using a resistive adder, and in [36]-[39] usinghown in Fig. 11. However, here is a voltage signal and
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Fig. 14. Multipliers using voltage adder (type VII) (a) with the tail current
and (b) without the tail current.
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Fig. 15. Multiplier using floating voltage source (type VII). Fig. 17. MOS Gilbert multipliers (type VIII) (a) with tail current. (b) without

tail current.

1, is a current signal. The differential output currents from
two differential pairs are subtracted yielding current can be removed [44] as shown in Fig. 17(b). As in
20), wider input range or higher linearity is obtained with
fo=1In = Iz = 2\/Ex[\/ﬂ B \/E} (1) E\igr)ler bias cSrrent. ’ ’ ’

Note that this cancellation scheme follows (5). The Gilbert
cell is implemented using lateral BJT in CMOS process in [45].
The MOS version of Gilbert multipliers is reported in [46].
VI — V1= 2Ky (22) As its linearity is poor, several modified versions including

linearization schemes [46]-[48], folded structures [48]-[50],

where 2y is the differential input voltage andfg is the and active attenuators [51] have been reported.
transconductance constant of the transistor in the third dif-

ferential pair. Thus, the MOS Gilbert multiplier shown in
Fig. 17(a) yields Ill. REMARKS ON MULTIPLIER STRUCTURES

-1 I Zm 23 AND FABRICATION RESULT
0T el TR 3ty (23) None of the above analyses includes higher order effects

wherez andy are both voltage signals. of MOS device [65] such as-effect, A-effect, and mobility
Note the similarity of Fig. 17(a) to Fig. 2(e) when thedegradation effect. Besides the higher order effect of MOS
transconductors are replaced by differential pair. The tail the multiplier core, the nonidealities of source follower

The input current\/I,; — /1,2 is generated by another
differential pair as shown in Fig. 17(a) as
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TABLE 1
SUMMARY OF GENERAL COMPARISON OF 15 MULTIPLIER TOPOLOGIES
NO Type Circuit Diagram Figure | Worse than Remark
1 1 7(a), 7(b) 2 Require additional circuitry.
2 I 7(c), 1(d)
3 1L 100, IV 8,9,10 2 Require additional circuitry. Poor
linearity
4 v 12(a) 5 Require OP Amp
S v 12(b), (c), (d)
6 VI 13 5 Poor linearity
7 VII 14, 15 5 Require additional circuitry
8 Vil 17 2 High power supply voltage, Poor linearity

and voltage adder were not considered. Another practical
limitation of the multiplier is the component mismatch that 5 3,0 -
causes nonlinearity and offset. :

1) General Comparison:The measurements of the multi- :
plier performance can include input range, linearity, common-  -1s 231 -
mode effects, minimum power supply voltage, power con-a ' E
sumption, silicon area, frequency range, noise, and so Orr v e
Since all these performance measures are strongly applica- .4 sresu*
tion dependent, there is not an absolute standard comparisqn =~ s.ov =27
metric. Some limited qualitative comparisons are summarized , s : : : : ?
in Table IIl. From this table, we can observe that the circuits B R R T ity
shown in Figs. 7(c), (d), 12(b), (c), and (d) have properties *°-t1*u? : : :
above the “average multiplier.”

2) Comparison by SimulationThese five multipliers [cir-
cuit in Figs. 7(c), (d), 12(b), (c) and (d)] are designed without
optimizing a specific performance for a rough comparisons i
through simulation. All the transistor®/L = 10 zm/10 pm o _ T
are equal for all five multipliers. Power supply is a single 6 DS B o
V. The output current is measured using 1.5 V voltage source _
between the output nodes afid. The common-mode input 79 18 DC analysisT, versus2z.
voltage X and Y are set to allow+2 V differential input
range for bothx andy signal. Fig. 18 shows dc analysis forparameters, and bias conditions. From the above simulation
z=—-1~1andy = —1 ~ 1. All multiplier's differential results summarized in Table Ill, and complexity of circuit
input range 2z is extended to+2 V. Note that circuits topologies, circuits of Figs. 7(c) and 12(c) might be considered
Figs. 7(d) and 12(b) have low transconductance. Fig. 19 shoteshave better performance than others because:
the power supply current in transient analysis for sinusaidal 1. the circuit Fig. 7(d) has low transconductance, is sensi-
input. This current can be interpreted as power consumption. tive to mismatch, and has poor linearity;

Circuit Fig. 12(d) consumes significantly higher power than 2. the circuit Fig. 12(b) is sensitive to mismatch and has
any other circuit. Fig. 20 shows Monte Carlo analysis of  low transconductance;

device mismatch sensitivity when one of the input signals 3. the circuit Fig. 12(d) consumes high power and has poor
is kept constant. The output current of circuit Figs. 7(d) and linearity.

12(b) show high sensitivity on device mismatch. Fig. 21 shows Now we focus our attention to these two multipliers with
total harmonic distortion (THD) when the other input signal igood properties [Figs. 7(c) and 12(c)].

fixed to be 1 V. In this Fig. 21, we can observe that the circuit 3) Detailed Linearity Simulation:For comparison between
Fig. 12(d) shows the worst linearity for both input signalssircuits Figs. 7(c) and 12(c), the effect of source follower’s
Circuit Fig. 7(d) and the circuit Fig. 12(d) show poor linearitytransistor size is simulated. All other transistors have W/L
for 4 input signal. = 10 xm/10 pm. Fig. 22 shows that the linearity of circuit

Note that this tendency is generally true, although the abokey. 7(c) improves as the source follower uses larger W/L
results are dependent on the transistor size ratio, procestso. On the contrary, this effect is not clear in the case of

x
97/12/26 15:22:48

Fig. 7(c)

LR
Z -

[

Fig. 7(d)

Fig. 12(b)

vz
zZ~r

Fig. 12(c)

-40.141U

Fig. 12(d)
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TABLE llI
SUMMARY OF A COMPARATIVE MULTIPLIER STUDY FOR EQUAL SiZE TRANSISTORS

w

. v 7(d Circuit Max Gy, Power Mismatch | Linearity | Linearity
PN ( ) [uA/V] | Consumption[mW] | Sensitivity X y
Fig. 7(c) 20 238 Good Good Bad
AL Fig. 7(d) 4.6 270 Bad Good Bad
: :‘ ) 12(b) Fig. 12(b) 5 200 ‘Worst Bad Bad
Fig. 12(c) 40 295 Best Bad Best
E E e 12(c) Fg, 12(d) 25 480 Good Worst Worst
AL 0.15 —o— fig. 7{c)
Ml .
. . 12(d) —x-fig. 12(c)
1o 0. T — 0.10
-2.0 YOLTS (LINZ 2.0 °\° b
5 /\"ER — 2y =05V
Fig. 20. Monte Carlo analysis for fixetlr = 1v. I ’ \Q& ,\\,“> 2x=05Vp-p
F 0.05 P——
N . . . . . I D N S > SN
circuit Fig. 12(c). This simulation result implies that circuit ¥ 2y = 0.5Vpp
Fig. 7(c) can outperforms circuit Fig. 12(c) wheki, (or 0.00
(W/L),) is large enough (at least three times larger thap. T 2 3
4) Comparison by Experimental ResulEonsidering the WIL ratio of source follower

above simulation result, circuits Figs. 7(c), (d), and 12(c) aFén. 22. Effect of source follower's WL ratio on THD.
fabricated using Orbit 2m N-well process. These multipliers
were designed with identical transistor siz€A{/L),
4/17u and 50u/104 for all others), transconductanc
(10 pA/V), and power consumption (36@W). The input

lower than 0.5% and much better than the others because the
/L ratio of the source follower is much larger than that of

common-mode voltages X( and Y) are set to allow Ml. Note that gircgit Eig. 7(d) has poorerllinear.ity than circuit
approximately+2 V differential input range for bottr andy. Fig. 7(c) and circuit .Flg. 12(_c) dug to device mlsmatch. These
Fig. 23(a) and (c) show the output differential currents (fdsults agree well with the simulation results discussed before.
simplicity, only one quadrant is shown in the figures) from 5) Input Range and Minimum Power Supply Voltageput
three fabricated multipliers. The linearity errors are shown lange of circuits Figs. 7(c) and 12(c) are obtained from their
Fig. 23(b) and (d). The linearity error of the circuit Fig. 7(c) idias conditions shown in Fig. 24. The conditions for circuit
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15 Linearity Vop
’ error{%] —jr_
Fig. Hd) ~—{<Fig. 7(c) v
A Fig. 1) 0
Lol Al «Fig. 12(c) Fig 1200
05 , Vop X—2x Ve Yy
D
|<«Fig. Hd) —12x }{
1 X Vo
1 Y —2y
Vr v
Y—{2y Y Vo AV
x 10° Linearity T
15 error{%] }{ x
20 VT vvdssax; tail
. y
ip JrreT@ ol GND
LdA] e 10 (@ (b)
out g Fig. 12(c) h o N
05 / o Fig. 25. Input range and power supply voltage. (a) Circuit Fig. 7(c) and (b)
A 10t circuit Fig. 12(c).
1= _ -20
0 0 .
f‘[f,] 6) Remarks on NoiseAnother performance measure of a

© multiplier is noise, especially for small signal applications
where the input range is not a major concern. A thermal noise

Fig. 23. Measurement results foW/L,,; = 5 pm/l7 gm and : - ; ;
W/ Lensectotioner. = 50 um/10 gm. (a) Output current for fixed:, (b) current power density of a MOS transistor is conventionally
Linearity error for fixedz, (c) output current for fixed;, and (d) Linearity modeled as

error for fixed y.

i2 . = 4kTgys d]
{.;n,lm . gd f (26)
Vd Vdd Vd Zn;sat = nggrnl df
Yiy*’ saturation for transistor operating in linear and saturation, respectively
Yﬂ:y—‘ th—{ saturation [73]. In the case of circuit Fig. 7(c), total output noise current
Vi is given
X+x —-l linear Vi ) <
() Tait current 2, = A+ 2 = 4<4/€ngsjL Af + KT g2 df)
(@ (b) 2
Fig. 24. Bias conditions. (a) Circuit Fig. 7(c) and (b) circuit Fig. 12(c). = 16kT <gdsl + 397712) daf (27)
Fig. 7(c) are where
Vi< X+x gas1 = K1(Vast — Vo — Vpsi)

Vi=Yty—Vr<Xtz—Vp (24) SK(X—Vo— (Y -Ve) =K (X-Y) (28)

Vp <Y & Y gm2 = v/ 2I(QIDQ

Y:l:y—VT < Vy
Y —
= \/2K2K1 <X —Vr - ZVT>(Y— V). (29)

and they are depicted in Fig. 25(a). The conditions for circuit
Fig. 12(c) are
In the case of circuit Fig. 12(c), if the current source has the
Vissatstail <V1 =Y £y — Vg same transistor size as the source follower, then the total output
Vi+Vr=Y+y<X+tw (25)  noise current is given
Xtz -Vr<V,

and they are depicted in Fig. 25(b). For the same input’r%;o = 4(i2s Hinan) =4+ ng(gms +gm1)df. (30)
range and output node voltage swing, circuit Fig. 7(c)

requires much lower power supply voltage than Fig. 12(df. g,.. = gm2, then circuit Fig. 12(c) has higher output noise
For instance, for a 1-V input range for bothand y input becauseg,,; in (30) is much larger thamg; in (27). The
signal, threshold voltag®r = 1 V and a 2 V output signal output noise floors of fabricated multipliers are measured with
swing, the circuit Fig. 7(c) requires 3 V power supply whilel-kQ2 resistor at 1 kHz. The circuit Fig. 7(c) showed 26 dB
the circuit of Fig. 12(c) requires more than 4 V power supplyower noise floor than circuit Fig. 12(c).
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TABLE IV 925
SUMMARY OF CoMPARISONBETWEEN CIRcuIT FiG. 7(c), AG. 7(d), AND FiG. 12(c) (W/L),=20
Circuit Linearity | Minimum Power Noise
Supply -
Fig. 7(c) Good Good Good g 920 T -
Fig. 7(d) Bad Bad Bad %
R 4
Fig. 12(c) Good Bad Bad e 915 4 (W/L)
3
Q
I\V. DESIGN CONSIDERATION OF CIRCUIT FIG. 7(C) 910 } } } t
) ) 1 5 9
Table IV summarizes the above comparison and proposes
the circuit Fig. 7(c) as the most recommended analog MOS (WiL),
multiplier structure. The circuit Fig. 7(c) has clear tradeoff @

between noise and linearity.

The input reflected equivalent noise voltage of circuit
Fig. 7(c) is obtained by dividing (27) by the square of
transconductance of multiplief,,,, which is determined by 8
K, as in (11), yielding

10

N
2, 2, kT 2 s °
T _ Zn;o _ Zn;o _ _ “ d 31 .g
Un;z - GTQn - 16K12 - K12 Gds1 + 3.97712 f ( ) 8
5 4
when other input is unity. Substituting;.; and g,,» in (31) g
with (28) and (29) results in 0 ) , : :
T 1 5 9
vh = il <(X -Y) (WL,

(b)

2 K Y +V, i i 7 X 1Y — 4
+§\/ Ki <X _ . T)(Y _ VT)) df. (32) E{lg._Z}G/. :ch)ls\(/e. dependency ofit’/L), for (X + Y)/2 4 V and

This analysis suggests th&fX — Y) and K,/K; should

be reduced to improve the noise performance for the given
K. This is the direct tradeoff with linearity and input range
becauseK,/K; should be increased to improve linearity as
illustrated in Fig. 22, andX — Y') determines the input range
shown in Fig. 25(a).

The noise performance of circuit Fig. 7(c) is verified
through simulation. In the simulation, the output noise is
measured at the one of the output node withtbdad resistor
and integrated within 1 MHz—2 MHz range. For all simulation,
the transistor length is 1@m for all transistors. Fig. 26(a)
shows that the total output noise is almost a linear function of
(W/L); as expected from (27), (28), and (29) when the source
follower’s transconductance is large enoudh’/L); = 20). Fig. 27. Input noise dependency W//L) (WL =1, Veom =
The input reflected equivalent noise is inversely proportion%} tY)z=4VandX -V =2V
to (W/L); as shown in Fig. 26(b). This result agrees with
analysis in (32). However, if the source follower is not large 2) From (32), theK,/K; ratio should be minimized for
enough((W/L), = 10), (32) is no longer valid as shown low input reflected noise.
in Fig. 26(b) because (32) is based on the assumption thi@fese two observations lead us to the conclusion that the
the source follower is an ideal one. The noise performanggtimal K,/K, ratio for low noise design is around three
starts to be degraded wheliz/K; is smaller than around for this specific process. Remember thgt/K; ratio should
three (W/L), = 10 and (W/L); = 3). Fig. 27 shows the pe maximized for high linearity as shown in Fig. 22.

68.4 1

S
@
M~
Il
T

28.4 +

input noise [MV?]

8.4 + } t t

(WiL),

noise dependency on source follower size and suggests, Fig. 28 shows that the input noise is almost a linear function
ratio larger than around thre@{’/ L), = 3and(W/L); =1).  of the difference of two input common-mode voltagex, —
These analyses are conflicting each other as follows. Y), as expected in (32). This difference is the summation of

1) From Figs. 26(b) and 28, th&,/K; ratio should be two input ranges. Therefore, for low noise design, the input
larger than three to make (32) valid. range should be sacrificed.
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Fig. 28.

81 (5]
<
E
2 [6]
e 7T
é’ [71
[8]
6 t t :
095 1.25 1.55 1.85 [9]
X-Y [volt}
[10]
Noise dependency ¢ —Y') for W, = 10 pm, W2 = 200 pm,
L =10 gm and V., = 4 V. [11]
[12]

In designing the circuit Fig. 7(c}{»/K; ratio and(X —Y")

are the most important design parameters that determine fhg

tradeoff among noise, linearity, and input range.

[14]

[15]
V. CONCLUSION

Although a large number of transconductance multiplie|[§6]
are reported in the literature, they fall into eight categories

described in this tutorial and are summarized in Table I.

[17]

Several multiplier architectures do not have any clear ad-
vantage over others. As the current trend of circuit design [iss]
low voltage and low power, the circuit shown in Fig. 7(c)
seems to be one of the most attractive low-voltage and higho
performance MOS multiplier structures. A BICMOS version

that uses BJT instead of the source follower will improv

go

its performance. Several design considerations of the circyi]
Fig. 7(c) were provided.
A reader should be aware that this comparison might not

hold for all cases. The choice of circuit topology is completel
dependent on design specifications.

[22]
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