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Abstract @
This paper presents a new CMOS four-quadr voltag ow power analog
multiplier circuit in voltage mode. In the proposed @naldg

S|stors are biased in
weak inversion by driving them at bulk termlnalg propoé&? gn has fully differential
sisto

ended output. Input signal ranges are +4Q d a].l rs have the equal sizes.
Simulation results have been presented b ICE Si r in 0.18um standard CMOS
technology to confirm the operation of uit. u s show that the proposed analog
multiplier has several advantagesin riso & er analog multipliers.

Keywords analog multlpllﬁ&nage .ng‘s ulk-input CMOS circuits, four-quadrant,
weak inversion

Multiplier is a aving log inputs and one output. Output signal is the multiplied

result of the inpUtsT1]. T% many different types of multipliers related to their input mode

(currents [1-4] or volta 8] or a mixture of them [9-10]) and the region of the operation

(saturation [11-12, ; ar [13, 5] and weak inversion [2, 7-8, 14]). Analog multiplication
i

1. Introduction \
Analog mu‘ e conﬁa@n account as essential and necessary circuit elements.
0 a

can be applied in applications such as adaptive filters, frequency doublers, equalizer,
modulators, omatic gain controlling, artificial neural networks [5, 15-17], image
processing, %’al treatments [9], in sensor applications [10] and fuzzy logic controllers.

electronic society is faced with orders in relation to low power dissipations

These d
8 % O

P y circuits were reported first in Gilbert works using BJT transistors [18]. Moreover,
many works have been proposed including different types of four-quadrant multiplier circuits
for low power applications even digital [19]. There are many modes for managing an analog
multiplier according to multiplier types. In all these works a practical way for abtaining a low
power dissipation topology is to use MOSFETS in weak inversion layer [2, 7-8, 14]. Another
way is to drive them in bulk terminals [14]. As a result, we need an efficient structure for
analog multiplier. Figure 1 shows a simple diagram of multiplication.

Input Output

Figure 1. A Simple Diagram of Multiplication
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The main reason for choosing this structure is answering many desires that were not
acceptable and available in many ones such as [12]. In [12], the most noticeable factor is the
power consumption which is 32uW. However, this is considerable. The main reason for
achieving these high levels power consumption is utilizing more transistors. For the same
reason papers [2,4,20] and [21] have high power consumption.

The authors of [12] proposed a low power CMOS analog multiplier using 13 transistors.

All of them have been driven in the linear region using 0.354™ CMQOS technology. In [12],
WI/L is 0.8um/0.35um, input signals are X=0.5V, Y=1.5V and supply voltage is 1.5V, which
is ten times bigger than Vpp in this design and finally the power consumption is 32uW. The
power consumption in this paper is also high. o
Gravati et al. [2] proposed a novel current mode very low power analog four-
quadrant multiplier. The Gravati et al. analog multiplier [2] consist 1%%nsistors.
Moreover, they using 0.35um technology. MOSFETS are p‘%e:k inversi ion with 2V

supply voltage and 250nA bias current. The maximu reported by
Gravati et al. [2] is 5.5u4W. Although the transistors wor versign, but it is not ina
very low power structure. It may have been caus lar r of transistors and
high level Vpp and Igas.

Beyraghi et al. [4] proposed a current mode ur—quadran&a og multiplier designed in

0.35um CMOS Technology using 20 satur nsistersCl he utilized supply voltage is
+1.5V and input current range is £10pA. ratlo of ﬁm istors are in different size. The
reported power dissipation in [4] |s 47 JThe easons for this power consumption
could be large numbers of M nd hi nt of supply voltage. Although the
process number and driving region\are=élso notic

In [20], there is a design of quadrant log multlplier consist of a multiplier cell. It
has 12 transistors working dm saturati S Technology is 0.5um with W=1pum and

L=2um. The input range ;% \/ for)g76 puts, supply voltage is 2.5V and bias current is
10nA. The power dl% is not mentioned, but it is certainly clear that it is a high value,
because of using h|% t ranﬁ%‘many number of MOSFETS.

Popa [21] ized two mode multiplier topologies including 17 and 23
transistors. Th ess is, 0 CMOS technology with 1.2V supply voltage and 300pA
range for inputs in satura gion. The simulation results for both circuits show the power
consumption of 60W 5uW, respectively. The author has claimed the circuits use the
small value of mini pply voltage and the power consumption is extremely low, however
it could be even lo

In this pa;MLa,CMOS low power four-quadrant analog multiplier has been presented with
only 8 M@ PTs. The transistors are biased in weak inversion using 0.18um CMOS
Tech I@ upply voltage is 0.15V and bias current equals to 10nA. The input ranges are
149% e use differential inputs and we also have differential outputs. As effective
inver layer in pMOS devices increases by negative potential of n-type bulk with respect
to p-type source, there would be an exponential relationship between drain to source current
and bulk to source voltage. The proposed multiplier is simulated in HSPICE. The simulation
results show that the power consumption in the proposed analog multiplier is 444.5pW.

The rest of this paper is organized as follows: Section 2 described circuit explanation.
Section 3 presents the mismatch of the proposed multiplier. Simulation results are presented
in Section 4. Finally, the paper is concluded in section 5.
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2. Explanation of the Proposed Circuit

With respect to the operation of a MOS device in weak inversion, relative equations are as
follows:

“Vgs —(-2)Vps ~Vds (1)
]TD_I:" = IDDE"]UT g Ut 1—enlr

Eqg. 1 is the drain to source current of MOS (ignoring the early effects VDS<<VE) [22, 23],
YTH
wherelpg = I.e™T I, = ZnﬁU-ﬁ, Uy = n is the sub-threshold slope factor and ISW(;I’] 1
and 2 [22, 24], § = ,u.C'MEVE and Ve is the early voltage that is nearly 10
As explained above, the devices must operate in wea lon be and bulk has
voltage, thenV,;, has a considerable value [11], which i |s

i\/

Vrr = Vemo + ¥ 1Ves + ol — /1ol )

In this equation Vygy = Vg Where Ie;,a = qb V=60, and y is the
S 3 e
body effect parameter that depends on thg ess s as follow: ¥ = C‘—ﬂx
K a current mirror which is biased in

The exponential function in t IS gy d
bulk terminals and is shown in re

¥ ,

‘b Y
A E '& Figure 2. Exponential Circuit

The c@equation for this circuit based on Eq. 1 can be written as follows:

—¥gs1 —[M-1)Vpze (3)
fﬂsi = I.DI}E r g alr

—Vgsz —M-1)Vpe (4)
'F.DS'E = I.DI}E nlr =3 nlir

(1= 4V psz=Vpss) 5
Ipsz = Igase nir ©)
WhereVapz, Vep1 are very small (IVapzl,| Vaps| << =5, withn = 1.2, so; ”wﬂ = 155mv),

the equations are as follows, which result in more dynamic range in comparison to
multipliers with gate inputs.
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—(M=1Vpeg  (M=2V pey (6)

— i i
IDSE _I.E'IA.S'E" T e THT

According to Taylor’s series:

Ipea = f&ms['l -

(ﬂ 1}1'-7:52 ((fa —]x[ +((va 1}1-{';.51 ((fa D¥hsz |

(")

1)
We can consider these two equations as equal ones if |(———— n- v"’“ 2| <1,

For presenting four-quadrant multiplier, we need four cwcurts as shown |® 2. Flgure
3 shows a four-quadrant multiplier architecture. It should K%edthatl

N
O\

A -
g Far o ¢

Fig&%. The Proposed Multiplier Topology

In Figure .3, gs@’bs of all eight pMOS devices are V3, Va, Vg, Vi, Vs, Ve, V7 andVz. The

input Vé S are NW=V=V+Vh , Vo=V =V — Vinz :
ml: and I[‘Jﬁ. - VB - Vb + sz
% urrents in each branch is as follows:
_[‘?F 1)ive—W) =13 Ving +¥ina) (8)

Ipsz=1Igase T =lgpse ntr

In Eqg. 8 we ignore the higher order terms to approach Eq. 9:

(n— 1}Vm1) ] 9)

& lgas[l+ ———

e+ 2 () 1 (2
7 7 !

In the same way Ip 4, Ipse.lpzz defines as below:
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-E-‘J-‘—f":_[”.rvsﬁl ':"]"-3':“’[:}:1.""[.'1'_:' (=1)Vins
Ipss = Igjase  "UT = Igace it = Ipas[1+ (—L‘r} + (10)
1 ((7—1¥ng . S 1 fin—1¥n
2!( nlr )]X[‘l ( nlr )+2!( nlr )]
, (n—1Ming 1 fln—10Wne (n—11¥ina 1 ((g—10Vina z (11)
o Iyl - () 1 () g iy 3 ()
uaslt — (T2 4 1 ][4 — (T L (D0 )y

—-LiFg—V¥7) M= =V iyl 1w 1w
Tpey = Iggase T = lg1as® neT = Iaras[l — ': ny R ! w (12)

(- 107 L= v
( r;lL'-_r 1)+;( i?LIT 1)
In this topology for multiplication I,,, defines as Imr% @1‘534 +I5.5) and
output voltage is as follows: Q Q)
1’.:-.¢r - ID..Lt ®»R= [{I.DS + IDSE:] - {ID54 - IDSE:I XV (13)

So the output is as follows: \ \

[0 CJJ \Q) 14
Lo 2 4[] VinaVins '& \ 9
As explained above mputs erentlal med V},,1 and V2. In first quadrant V4 is Vg

and V5 isV;,=. In other thre uadrantxgQ d %> are equal to1%,,; and V4, Vi and ¥z are

equal toV;,,z, respectlvglyQ &

3. Mismatch f,@ rop ultiplier

There woule s50me
process, which I1s calcul
mismatch in the bias v

including £ misma

f mismatches between the devices because of the fabrication
regarding to variations of process parameters and also the
s or currents. The drain current may cause a mismatch due to I

weak inversion its effects can be neglected [24, 25]). Another
factor, can be cau vy V1 that varies the current and the 77 due to bulk to source voltage,
Vgs. For the@é&amatches we can consider a term as Ipg{1 + Alngq) and bias mismatch can

S Igpas + Algas . For each device in current mirror we assume another

be consi
mi%&used by Vs in output currents (Ipsz2, Ipss.Inse.dpss) which introduces the factor

8ij i and j refers to transistor pairs. So Eq. 1 can be rewrite as below:

Rt (15)
Ipsz =lgjas % &1 X € wWr X dp,

(1+Alpes)

Where £;41 = (1+2lpos)

shows Ingmismatch between Mp4 and Mp» that their variations are
"‘rm:| Vs

, Mpga , respectively, Visza = Vosz — Viz1 and 824 = [1— e Wr|/[1— e "T] is due

to V= between the two pairs. As the inputs are applied to bulk terminals so V5; = V;,, and it is
better to have only a parameter for mismatch factors like o so finally the Eq. 15 rewrites as:
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L= 20V i+ ¥inad
Ipsa =pa X Igjas X e alr (16)

And p, = &£,; X 8,;. Like this expression will be considered for other current equations,
then we have:

=2 ¥ ing—Vinal

Ipsa=py ¥ lgas X e nlr (17)
==L (Ving+Vina) °
Ipse = pe X Igjgs X & alr )

— L) (Ving—Vina) 6
Ipss = pg X Igias X € it \4% ¢ @ (19)
With respect to Eqg. 13 the summations are: Q’Q x)

=20V jmot+V¥ina) — -0V g+ "da)
Insy + Ipse = Igas(p + ﬁP:,s}[ “UTQf >— e, %UT ] (20)
And ,&%\
@ X "rm.z""rl& -2 Ving—Vinal

Inss — Ipss = Igias(p +=5-P4s bt ] (21)

So final current e@resents Séﬂy
out = Iﬁtﬂ@ ;;

Where A explains t match due to multiplied part with Ag. The Eq. 22 shows the
speculated expressi the mismatch process.

4, SimulatNeResults

For takigg~the performance of the proposed multiplier, we have used 0.18#™ CMOS
in threshold voltage of -0.443 v, two identical resistant 1IMQ,  0.15V supply
10nA lgias (to bias the transistors in weak inversion), equal size of the transistors

(WIL, 45 #M/2 KMy and bias voltage V, is 100mV. For DC characteristics Vinl and Vin2
vary from -100 to 100mV. Figure 4 shows the DC simulations lo,-Vin ¢ir. Moreover,
Differential input signals are shown in Figure 5. Table 1 shows the characteristic of the
proposed multiplier. In Table 2, the results of the proposed analog multiplier are compared
with other analog multipliers.

inl + ";LIBEES (22)
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Figu . Differential’lnput Signals
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Transient response «of roposed@b multiplier circuit is shown in Figure 6, when
two sinusoidal signa \/ ang%m , in 10 and 100 KHz are applied to the inputs.
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Figure 6. Transient Response of the Proposed Multiplier
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Table 1. Results of this Work

Parameters Result
Voo 0.15 [V]
V, 100 [mV]
Is1as 10 [nA]
Input dynamic x)
range Vinl 30 [mV], Vin2 40 [mV] Y’
POWER 4445 . <* 6
y [ 4
Process used O'Wosx '\)

Table 2 CompariscN PerfOrW’

o
Parameters This paper P Q [15] QS] [6]
KJ
e
Process 0;(18 @& % 0.18 [um] | 0.35 [pm]
VDD % Vi 05V | 15V
3

b J\Q () 100 [ \ 400[mv] | NA

%\\ 10 EA] 10 [pA] | 300 [nA] NA
‘/W range [M *NA] +80 [mV] |+120 [mV]
Power J444.5 [pW] | 0.34 [mW] [714.3 [nW]| 6.7 [uW]

¥
Table 2 perform@mparison between this paper and 3 other works. The circuit has used
Tec

0.18um CM ology. Based on our simulation results which are shown in Table 2, all
parameters work are lower than the other ones. So the power consumption obviously
will be i er range too. Power consumption are 0.34mW, 6.7uW and 714.3nW for [15],
[6] respectively, but 444.5pW relates to this work.

5. Conclusion

A CMOS four-quadrant voltage mode analog multiplier circuit is presented which operates
in weak inversion by driving it at bulk terminals. It is suitable for low power and low voltage
applications as its power dissipation is 444.5pw. However the mismatch reduces its speed and
output voltage range is very low. Circuit is designed in 0.18um and the performance was
simulated using HSPICE.
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