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Abstract. In this paper, a four-quadrant current-mode multiplier based on a new squarer cell is proposed. The
multiplier has a simple core, wide input current range with low power consumption, and it can easily be converted to
a voltage-mode by using a balanced output transconductor (BOTA) [1]. The proposed four-quadrant current-mode
and voltage-mode multipliers were confirmed by using PSPICE simulation and found to have good linearity with
wide input dynamic range. For the proposed current-mode multiplier, the static power consumption is 0.671 mW,
the maximum power consumption is 0.72 mW, the input current range is 260 ©A, the bandwidth is 31 MHz, the
input referred noise current is 46 pA/+/Hz, and the maximum linearity error is 3.9%. For the proposed voltage-mode
multiplier, the static power consumption is 1.6 mW, the maximum power consumption is 1.85 mW, the input voltage
range is =1V from £1.5V supply, the bandwidth is 25.34 MHz, the input referred noise voltage is 0.85 £V /+/Hz,

and the maximum linearity error is 4.1%.
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1. Introduction

A multiplication of two signals is one of the most im-
portant operations in analog signal processing. The
multiplier is used not only as computation building
block but also as a programming element in systems
such as filters, neural networks, mixers, and modula-
tors in communication systems [2]. Several MOS four-
quadrant multipliers have been reported but all can be
categorized into two groups based on its MOS operat-
ing region, linear and saturation [3]. The operation of
the multiplier only in linear or saturation region limits
the input-voltage range, so the multiplier presented in
[2] has wider input-voltage range as a result of opera-
tion in linear and saturation regions complementally.

The analog circuit design using the current-mode ap-
proach has recently gained considerable attention. This
stems from its inherent advantages of wide bandwidth,
high slow rate, low power consumption, and simple
circuitry [4, 5]. This is clearly obvious in the four-
quadrant current-mode multipliers presented in [6, 7]
which based on current squarer cells.

In this paper a novel four-quadrant current-mode
multiplier that has simple core circuit based on a simple

novel squarer cell will be proposed. Although this cir-
cuit has design trade off among the input current range,
the output current dynamic range, and the power con-
sumption, it can be designed to operate with low sup-
ply voltage (£1.5 V) under low power consumed with
acceptable dynamic ranges for both input and output
currents. The proposed current-mode multiplier circuit
is presented in Section 2. In Section 3, balanced output
transconductor (BOTA) circuit given in [1] is used to
drive the proposed four-quadrant current-mode multi-
plier. The four-quadrant voltage-mode multiplier has
attractive performance that it has very good linearity
with wide differential-input voltage range.

The proposed circuits of four-quadrant current-
mode and voltage-mode multipliers are simulated using
CMOS 0.5 pum technology.

2. CMOS Current-Mode Multiplier

The proposed four-quadrant current mode multiplier is
based on a novel squarer cell. The design of the squarer
cell and the complete circuit of the multiplier will be
given in the following sub-sections.
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Fig. 1. (a): CMOS realization of the proposed squarer cell, (b):
Symbol of the proposed squarer cell.

2.1. Proposed Current-Mode Squarer Cell

The proposed current-mode squarer cell is shown in
Fig. 1. The symbol of the squarer cell is shown in
Fig. 1(b) and its CMOS realization is shown in Fig. 1(a).
The circuit consists of four transistors; M; and M, are
operated in the saturation region and assumed to be
matched, and M3 and M, are operated in the linear
region and assumed to be matched also. M3 and My
are equivalently representing grounded resistors with
resistance value approximately given by:

R = v (1)
K3(Ve — Vr)
where K3 is the transconductance parameter of transis-
tors M3 and My, K3 = uCox(W/L)3, u is the mobility
of the carrier, Cy is the gate capacitance per unit area,
W is the channel width, L is the channel length, V7 is
the threshold voltage, and V; is the biasing gate volt-
age. As the biasing gate voltage (V) increased, the
above approximation is held better.
From Fig. 1(a), assuming that both I; and —1I; are
available, the output current of the squarer 7, is given
by:

Io =1Ip1+1Ip> ()

Where Ip; and Ip, are the drain currents of the satu-
rated transistors M; and M, and are given by:

Ky, >
Ipy = 71(13 I7 —2RI;(Vss + Vi) + (Vs + Vr)?)
3

Ky 20 2
Ipy = 7(1? I7 4+ 2RI;(Vss + V) + (Vss + Vr)°)
“4)

Where, K is the transconductance parameter of tran-
sistors M| and M,. From the above equations, the out-
put current can be written as:

Io = Iorr + Ksliz ()

Where Iopr is the output offset current (at /i = 0A)
and is given by:

Iorr = K1(Vss + Vr)? ©)
And K is the squarer gain and is given by:
Ks=K\R? )

From equations (6) and (7), Iorr Will be controlled by
the transistors aspect ratio (W/L); and by the biasing
voltage (Vss). The squarer gain Ky will be controlled
independently by the resistance R which can be con-
trolled by the voltage Vi and (W /L)s.

2.2. Design Considerations of the Proposed
Squarer Circuit

In this section, the design considerations to optimize the
input current range, the output current dynamic range,
static power dissipation and the output voltage (Vo)
that can be driven by the circuit will be discussed.
Assuming that M3 and M, are carefully designed to
operate in the linear region with equivalent grounded
resistance R, The operation of the squarer circuit is
restricted by the saturation condition of the MOS tran-
sistors M, and M,. The following conditions can be
driven for symmetrical input current range (| /; —pmin.| =

Iifmax.)-
IRI;| < |Vss + Vrl (3)
Vo-min. = |Vss| =2V r )
Using the above two equations in addition to equations

(5) to (7), the input current range (|; |max ), and the out-
put current dynamic range (Io_pr) are given by:

Vss + V-
) < sVl (10)
R
Io_pr = K1 R*(I;)* < Iopr (11)
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The static power dissipation is linearly proportional
to Iopp, so trade off among the input current range,
the output current dynamic range, and the static power
dissipation is clearly obvious.

2.3. Current-Mode Multiplier

The block diagram of the proposed four-quadrant
current-mode multiplier is shown in Fig. 2(a). The mul-
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sistors (M 4 to Myp) are the squarer cells, the first gen-
eration current conveyor (CCI) consisting of transistors
M5 to Mg represents a current subtraction circuit to ob-
tain a single ended output current I, which is given by:

lo =1o1—102 (12)

Where,

Io1 = Ioa + Loy = Iorr + Iorr + Ks(Ix + Iy)?

e . . 13
tiplier circuit consists of four similar squarer cells and ) ( 3
a current-subtraction circuit. The CMOS realization of Loy = Toc +1oa = lorr + Ks(Ix)" + lorr + Ks(Iy)
the current-mode multiplier is shown in Fig. 2(b). Tran- (14)
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(a): Block diagram of the proposed current-mode multiplier, (b): CMOS realization of the proposed current-mode multiplier.
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Therefore, the output current of the multiplier (/o) is
given by:

Io = QK RY)IxIy (15)

This topology achieves multiplication and simultane-
ously cancels out all higher order components of Iy
and Iy. The gain of the multiplier is 2K R? where K;
is the transconductance parameter of the saturated tran-
sistors M4 to M,p and R is the equivalent grounded
resistance of the linear transistors Mz, to Myp.

2.4. Channel Length Modulation Effect

The drain current of the MOS transistor with the effect
of channel length modulation is given by:

K
Ip = = (Vas=V1)*(1 4 2Vps) (16)
where, X is the channel length modulation parameter.
By taking channel length modulation effect into con-
sideration, the output current of the basic squarer cell
given by equation (5) can be rewritten as follows:

lo = (Iopr + KsI?)(1 + AVps) (17)

Where, Vg is the drain-to-source voltage of both M,
and M, in Fig. 1.

Since the current subtraction in the current-mode
multiplier is realized using CCI circuit as shown in
Fig. 2, all squarer cells forming the current-mode mul-
tiplier have the same Vpg. Therefore, the output current
of the multiplier given by equation (15) can be rewritten
as follows:

Io = 2K R xIy(1 + AVps) (18)

The channel length modulation effect can be reduced
using longer channel length transistors to reduce A.

2.5. Mismatching Effect

The derivation of the output current equation of the
basic squarer cell (equation (5)), and hence the output
current equation of the multiplier (equation (15)), was
based on the assumption that the transistors forming
the squarer cell are matched. In this subsection, the
mismatching effect will be discussed.

Referring to the current squarer circuit of Fig. 1, as-
sume that M| has transconductance parameter equals
K, and M, has transconductance parameter equals
K; 4+ AK,. Then, equation (5) can be rewritten as
follows:

Io = (Iorr + KsI?) + VK [(RI;)?
+2RI;(Vss + Vi) + (Vss + Vr)*1 - (19)

Since the complete current-mode multiplier is con-
structed by repeating this modular current squarer cell,
assuming that the mismatching in all the squarer cells
is the same and substituting equation (19) in equations
(12-14), the output current equation of the multiplier
can be rewritten as follows:

lo = QKiR)IxIy + (VKiR)IxIy = Iomach.
+Vio (20)
where, 1o match 1S the output current in the matched case.
Therefore, the percentage error of the output current
due to mismatching effect is constant and equal half of

the percentage of mismatching as given in the following
equation:

Yoerror = VIO/IOmatch.% = VK1/2K1% (2])

Table 1. Aspect ratios of the proposed current-mode

multiplier.

Transistor Aspect ratio W/L [pum/ pum]
Mya, Map, My, Map, 4/6

Mic, Mac, Mip, Map.

M3za, Mya, M3, Myp, 14/12

Msc, Mac, M3p, Map.

Ms, M. 90/4

M7, Mg. 180/4

Table 2. Aspect ratios of the BOTA driving circuit.

Transistor Aspect ratio W/L [pum/ pum]

My, Mig, Mi1, Mi2, 2/3
M3, Mis, Mis, Mie,

M7, Mis, Mg, Mao.

Mz, Moz, Mo, 20/2
Ma4, Mos, Mog.
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Fig. 3. (a): CMOS realization of the balanced output transconductor (BOTA) [1], (b): Symbol of the balanced output transconductor (BOTA)
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Fig. 4. Block diagram of the proposed voltage-mode multiplier.
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Fig. 6. Percentage error of the output current of the current-mode multiplier due to mismatching effect (at 1, 2, 5 and 10% of mismatching).

3. Four Quadrant CMOS Voltage-Mode signed to have wide input range, but also it can be
Multiplier easily converted to operate in voltage-mode using bal-
anced output transconductor (BOTA) given in [1]. The

The four-quadrant current-mode multiplier discussed BOTA circuit is shown in Fig. 3. It is suitable for driv-

in Section 2 not only has simple core and can be de- ing the proposed current-mode multiplier where it has
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Fig. 10. DC transfer characteristic of the proposed voltage-mode multiplier of Fig. 4.

two balanced output currents as shown in Fig. 3(a).
The BOTA operates as a balanced output transconduc-
tor with a programmable transconductance G that con-
trolled by the control voltage V¢ and is given by:

G = K9(Vc = Vss) (22)

And the output current of the BOTA is given by:
lo =GV —=V2) =Ko(Ve — Vss)(V — V2) (23)

Where, Ky is transconductance parameter of transis-
tors My to My, and (V| — V,) is the differential input
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Fig. 11. Normalized frequency characteristics of the proposed voltage-mode multiplier.
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Fig. 12. The voltage-mode multiplier as an analog amplitude modulator.

voltage of the BOTA respectively. The symbol of the Assuming that Vy and Vy are the two differential in-
used BOTA is shown in Fig. 3(b). put voltages of the two BOTAsS; the overall output cur-

The complete block diagram of the proposed four- rent of the multiplier can be deduced using equations
quadrant voltage-mode multiplier is shown in Fig. 4. (15) and (23) as follow:

It is consist of the current-mode multiplier of Fig. 2
driven by two BOTA circuits of Fig. 3. Io = 2K \R*(Ko(V ¢ — Vss))* Vx Vy (24)
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Time

Fig. 14. DC transfer characteristics of the proposed voltage-mode multiplier with V¢ as a parameter and Vy = 1 V.

Equation (24) yields the voltage multiplication of the 4. Simulation Results
differential input voltages Vx and Vy. The overall mul-
tiplier gain is (2K; R*(Ko(V¢ — Vss))?) which is con- Simulation results are given in this section using

trolled by the control voltage V¢ of the BOTA circuit. PSPICE with 0.5 pum CMOS parameters. The power
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Table 3. Summary of the simulated results of the proposed
multipliers.

Current-mode
multiplier
presented in [7]

Proposed current-
mode multiplier

+15V +5 V
60 uA 20 A
0.671 mW 0.8 mW

Supply voltage
Input range

Static power
consumption
(@Ix=1y=0 pA)

Maximum power
consumption
(Proposed:

@Ix =1y =060 pnA)
(7]: @
Ix =1y =60 pA)

Bandwidth

0.72 mW 0.93 mW

25.34 MHz
274 nA/~/Hz

31 MHz

Input referred 0.046 nA/~/Hz

noise current

Maximum linearity 3.9% 1.22%
error(Proposed:
@I, =1, =50 pA)
([7]: @
I =1, =20 uA)
%THD 4.485% 1.54%
(Proposed:
@I, =50 uA,
I, =50 sin(27 f ) LA,
fx =1 MHz)
([7]: @
Iy =20 pA,
Ix =20 sinQ27 fy ) A,
fx =1 MHz)

supply voltages Vpp and Vss are balanced (1.5 V and
—1.5 V) respectively.

Figure 5 shows the DC transfer characteristic of the
four-quadrant current-mode multiplier of Fig. 2. The
aspect ratios of the transistors are given in Table 1,
Vi = 3 V and the load resistance R, is equal to 10 K€2.

Figure 6 shows the percentage error of the output
current of the multiplier due to mismatching between
transistors M, and M, for different values of mismatch-
ing, namely, 1, 2, 5, and 10%. Iy is set to 40 uA and
Iy is swept from 0 to 40 ©A.

Figure 7 shows the normalized frequency charac-
teristic of the multiplier. Where, Iy is set to 50 pA
DC and Iy is the AC-varying signal with 50 pA
magnitude. The —3 dB bandwidth and the input
referred noise current of the multiplier are 31 MHz
and 46 pA/+/Hz, respectively.

Table 4. Simulation results of the proposed voltage multiplier
as compared with the results of [2].

Voltage-mode
multiplier
Presented in [2]

Proposed voltage-
Mode multiplier

Supply voltage +1.5V +1.5V
0.5£1V
~ 30 MHz

Input range +1V
Bandwidth 25.34 MHz

Input referred 0.85 uV/+/Hz
noise voltage

Static power 1.6 mW
consumption
( Proposed:

@Vx=Vy=0V)
Maximum power

consumption

( Proposed:

@Vy=Vy=1V)
%THD 4.667% 4.4%

(Proposed:

@Vy=1YV,

Vx = 1sinQnfy)V,

fx =1MHz)

([2]: @Vy0=1.5V,

Vyl=-0.5YV,

Vxl=-05V

Vx0 = 1 sinQ27 f)V,

fxo =1MHz)

1.85 mW

Figure 8 demonstrates the use of the multiplier as an
analog amplitude modulator where [y is the sinusoidal
modulating signal with magnitude equal to 50 ©A and
frequency (f, = 1 KHz) while Iy is the sinusoidal
carrier with amplitude equal to 50 nA and frequency
(fy =20 KHz).

Figure 9 shows the use of the multiplier as a fre-
quency doubler. Where, Iy = Iy = 50sin(2x f;t) nA
and f; = 1 MHz.

The DC transfer characteristic of the four-quadrant
voltage-mode multiplier of Fig. 4 is shown in Fig. 10.
The same aspect ratios of the transistors given in Table 1
are used in addition to aspect ratios given in Table 2,
R; = 10 K. It is clear that the voltage-mode mul-
tiplier has wide differential-voltage input range with
excellent output linearity. The differential-voltage in-
put varies from —1 Vto 1 V.

The normalized frequency characteristic of the mul-
tiplier is shown in Fig. 11, where, Vy is setto 1 V DC
and Vy is the AC-varying signal with 1 V magnitude.
The multiplier has a bandwidth of 25.34 MHz and input
referred noise voltage of 0.85 11V /+/Hz.
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Figure 12 shows the use of the multiplier as an analog
amplitude modulator. Vy is the sinusoidal modulating
signal with magnitude equal to 1 V and frequency ( f;
= 1 KHz) while Vy is the sinusoidal carrier with am-
plitude equal to 1 V and frequency ( f, =20 KHz).

Figure 13 shows the use of the multiplier as a fre-
quency doubler. Where, Vy = Vy = sin(2rf;¢) V and
fi = 1 MHz.

The gain of the voltage-mode multiplier can be con-
trolled using the control voltage of the BOTA (V).
The DC transfer characteristic of the proposed voltage-
mode multiplier is shown in Fig. 14 with V¢ as a pa-
rameterand Vy =1 V.

The simulation results of the proposed four-quadrant
current-mode multiplier are summarized and compared
with the performance of the current-mode multiplier
of [7] in Table 3. Also, the simulation results of the
proposed four-quadrant voltage-mode multipliers are
summarized and compared with the performance of
the voltage-mode multiplier of [2] in Table 4.

5. Conclusion

In this paper, a novel four-quadrant current-mode mul-
tiplier based on a novel squarer cell has been pro-
posed. This multiplier has simple core and can be de-
signed to have wide input current range with low power
consumption, moreover it can be easily converted to
voltage-mode by using BOTA circuit with wide input
voltage range. The proposed circuits were confirmed by
using PSPICE simulation and found to have good lin-
earity with wide input dynamic range. The simulations
also included the power consumption, the frequency
bandwidth, input referred noise, mismatching effect,
maximum linearity error, and % THD.
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