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ABSTRACT

In this work, two four-quadrant analog multipliers are
proposed based on a recently presented active device,
the dual-X current conveyor (DXCCII) and triode
MOSFETSs. The performance of each presented analog
multiplier is obtained via SPICE simulations to show
the functionality of the proposed multipliers. A CMOS
implementation of DXCCII is used in simulations.

I. INTRODUCTION
Analog multipliers are among the most important building
blocks for analog signal processing. They are used widely
in modulators, mixers, adaptive filters, neural networks,
etc [1]. Therefore, design of high-performance integrated
analog multipliers has received much interest [2-7].

It was revealed recently that, a new active device, the
dual-X second generation current conveyor (DXCCII),
brings versatility to design of continuous-time tunable
filters [8,9]. Figure 1(a) shows the symbol of DXCCII,
whose defining equations are as follows:

Iy=0 , VXp:VY s Vi =-Vy IZp:IXp » 1=l (1)

Figure 1(b) shows a DXCCII-based voltage-mode tunable
lossless integrator [8]. Tuning is performed by adjusting
the gate voltage (V) of the MOSFET which is operating
in triode region. Thanks to the DXCCII, which supplies
Vxp=Vy and Vx,=-Vy , the drain-source voltage of the
triode MOSFET is fully differential. This enhances the
linearity of this tunable MOSFET resistor, thus,
sufficiently linear filtering is possible, besides tunability.
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Figure 1. (a) DXCCII symbol, (b) DXCCII-based tunable
lossless integrator.

In this study, two DXCCII-based four-quadrant analog
multipliers are proposed. The two inputs of the multiplier
are applied to the Y terminal(s) of the DXCCII(s) and gate
terminal(s) of the triode MOSFET(s).

Il. THE FIRST FOUR-QUADRANT MULTIPLIER
Figure 2(a) shows a lossy integrator, whose loss is
determined by the second triode MOSFET connected to
the output. The transfer function is

2
Vaut — RMilc‘ (2)
Vin s+ 2

Ry, C

where Ryi=[Bi(Vei-Va)]" and Ryo=[Bx(Ver-Vin)]™. It
was revealed that, M, also receives a fully differential
voltage across its drain-source terminals [8]. Therefore, its
linearity is also enhanced. It is interesting to note that, as
will be revealed, the low-frequency voltage gain of the
lossy integrator in Figure 2(a) will be even more linear
than that when a linear resistor is connected instead of M,
as a load. The reason is that, nonlinearities of the triode
MOSFETs are alike and reduce themselves one step
further. This idea, and the fact that 1/Ry; conductance of
M, is linearly dependent on V¢ can be a starting point for
obtaining a DXCCIlI-based analog multiplier.
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Figure 2. (a) DXCCII-based tunable lossy integrator, (b)
DXCCIlI-based circuit used to obtain the multiplier.

Figure 2(b) shows the DXCCII-based circuit to be used as
the analog multiplier. The Y terminal is the first input
(Vin1)- The gate voltage of M; (V) is no longer pure DC,
but has a signal part (the second input V) besides its DC


mailto:akuntman@istanbul.edu.tr
mailto:merev@istanbul.edu.tr
mailto:akuntman@istanbul.edu.tr

component (V¢y); i.e. Vi=Vint+Ver. Equation (2) can be
used for C=0 (i.e. for 2/C = ) to express the output
voltage at the Z, terminal as

Vour= Rusz/Rasi Vin (3)

By substituting RMIZ[BI(VCI-VTn)]'l into Equation (3), Vg
is obtained in terms of V;,; and V,,, as,

Vout = RMZﬂ] Vinl (Vcl'VTn) (4)

Vin can take values around the ground level, i.e. it can be
positive or negative. So, its DC component is zero.
However, V., should be positive, because the condition

Vcl> Vinl,max+ VTn (5)

(equivalent to the condition Vg>Vp+Vr,) should be
satisfied so as to guarantee that M, is in triode region,
even for the largest possible V,; value. Actually, when
the positive DC component (V) of V., is considered, it
is observed that, besides the multiplication component, an
additional component appears at the output, such that,

Vout: k Vinl Vin2 + kVinl(VCl'VTn) (6)

Here, k=Ry;;B; is the scale factor of the multiplier. It is
possible to get rid of the second term on V., by
retrieving the output with respect to a voltage equal to
kVini(Vci-Vr). However, this voltage is not easy to
obtain and control, since it is dependent on V1, which will
change with temperature and other effects and also on
Vini. Nevertheless, if M; and M, are matched and Vi, is
chosen equal to V¢;, then, the unwanted additional
component becomes

kVinl(VCl'VTn) = Vini (7)
which yields
Vout: k Vinl VinZ + Vinl (8)

This means, if the output voltage is taken with respect to a
voltage equal to Vi,;, we can obtain a pure multiplication.
It is usually avoided to refer the output voltage to the
input node, but fortunately, a copy of V;,; available at the
X, terminal. So, the new output can be taken across the
terminals Z, and X,, , such that,

VZp - VXp = Vout,_VinJ =k Vin] Vin2 (9)

Alternatively, the same voltage is available across the
terminals X, and Z,. Figure 3(a) shows a more detailed
structure of the first four-quadrant analog multiplier, with
the output modified to its new form given in Equation (9).

1. THESECOND FOUR-QUADRANT MULTIPLIER
Figure 3(b) shows the second four-quadrant multiplier.
For this circuit, two DXCClIIs are employed to avail fully
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Figure 3. (a) First DXCCII-based four-quadrant analog
multiplier, (b) Second DXCCII-based four-quadrant
analog multiplier.

balanced (differential) inputs and outputs, defined as
Vout,d:Vout _Vout ’ s Vinl,d:VinJ _Vinl ’ s VinZ,d:Vin2 _Vin2 ’ (10)

where, Vin=-Vin1’, Vio=-Vinz’ and V=V, . The gates
of M; and M,’ are again receiving a positive DC
component Vi, besides the signals Vi, and V;;;’. DC
components of V;,; and Vy,;” are zero. So as to guarantee
that M;, M;” and M,’ are operating in triode region, the
following conditions should be satisfied:

Vin2,min+ VC] > Vin],max+ VTn

(11
(12)

Once the conditions (11) and (12) are satisfied, analyses
similar to those conducted for the first multiplier can be
carried out to express each output voltage in terms of the
input voltages:

VCZ > Vaut,mwc+ VT n

Vour =Roi2 B1 [Vini(Vinz2 ¥ Ver-Vin) = Vint(-VinatVer- V)]
:RMzﬂ1 [ViniVinz _Vinl(' sz)]

=2Ryp2 B1Vin1Vinz (13)
Again, RMZZ[BZ(VCZ-VTH)]'I. Equation (13) was obtained
by using ;=" since M, and M,’ are matched. Similarly,
V(mt =— 2RMZﬂ] Vinl VinZ (14)
As can be noticed, the differential signals and the way of
connection of the DXCCIIs helped to cancel the unwanted
term, which was a problem in the first four-quadrant
multiplier (the second term in Equation (6)). Although,
the output can be taken single ended from either V,, or
Vo', taking the output differentially doubles the voltage
swing and helps to improve the linearity further, since
even-order non-linearities can be cancelled in this way:

Vout,d = Vaut - Vaut = 4RM2181 Vin] Vin2 (1 5)



Since Vini ¢=2Vin1 and Vip =2Vin, the differential output
voltage can also be expressed in terms of the differential
input voltages as

Vout,d

=Rz B1Vinr.aVinza = kVini,aVinz,a

(15)

where again, k=Ry;,f, is the scale factor.

In this second multiplier, it is no longer required to match
M, (and M;’) with M, and/or set Vc»=V¢;. Therefore, the
designer is free to size M; (M,’) and M, during design, so
as to set k to a predetermined value. Also, V¢, can be
chosen equal to or different than V¢, during design.
Furthermore, V¢, can be varied during operation to adjust
the scale factor of the multiplier. Thus, the multiplier has
an electronically tunable scale factor, which is an
appreciated feature in analog signal processing.

IV. SIMULATION RESULTS AND DISCUSSION
SPICE simulations were performed for both multipliers to
reveal their functionality. PSpice9.0 was used with the
BSIM3v3 model parameters of a 0.35pum 5-V n-well
CMOS process. The CMOS implementation shown in
Figure 4 was used as the DXCCII, with Vpp=-Vgs=2.5V,
whose operation principle, design considerations, device
geometries and performance properties were supplied in
[8]. Aspects for the triode MOSFETs were chosen as
(W/L);=(W/L),=1um/2.5um in the first multiplier and
(W/L);=(W/L)’=1pum/3pum, (W/L),=lpm/lum in the
second multiplier.
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Figure 4. A CMOS implementation of DXCCII.

Figure 5 gives the DC curves for the first four-quadrant
multiplier of Figure 3(a). In Figure 5(a), Vou—Vin and
OVou/OVini—Vin1 curve families are supplied, for which
Vi was swept from -0.5V to 0.5V by 0.25V steps. The
control voltages for both triode MOSFETs were
Vei=Ve=V=2V. Besides the V,,—Vi, curve family, the
OV ou/OVini—Vin curve family which shows the derivative
of Vo, with respect to Vy,;, supplies a neat idea about the
linearity of the multiplier. The more OV y,/OVi, remains
constant (for a constant V) as Vy,; is changed, the more
linear the multiplier is. Similarly, Figure 5(b) shows Vg,—
Vie and 0OVy/OVipp—Vinz curve families, which are
obtained by changing V;,; from -0.5V to 0.5V by 0.25V
steps.

Figure 6(a) shows VouqVinig and 0Voud/OVinl.aVinia
curve families of the second analog multiplier of Figure
3(b), which are obtained by changing V;,,4 from -1.5V to
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Figure 5 (a) Vou—Vin1 and 0V, /OVin—Vin curve families,
(b) VourVin and 0Vy/0Viny—Vina curve families for the
first analog multiplier of Figure 3(a).
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Figure 6 (a) Voul,d—leyd and aVout’d/aVinLd—Vin]’d curve
families, (b) Vout,deinz,d and 6V0m,d/6Vm2,dein2,d curve
families for the second analog multiplier of Figure 3(b).

1.5V by 0.5V steps (i.e, Vi, was swept from -0.75V to
0.75V by 0.25V steps). The control voltages for all three
triode MOSFETs were V. =V=1.75V. For the same
multiplier, Vout,deinz,d and 6V0ut,d/6Vin2,dein2,d curve
families are supplied in Figure 6(b), for which Vj, 4 was
swept from -1.5V to 1.5V by 0.5V steps.

The first multiplier has a narrower input range than that of
the second multiplier. This is because the second
multiplier operates with differential voltages. Also, the
asymmetrical structure of the first realization is another
reason for the limited input range. A limitation in one
direction is not compensated for by a copy of the circuit
which is receiving the complementary value of the input.
However, the second circuit makes use of this facility.
The asymmetry of the first circuit can also be observed



from its curve families in Figure 5. Nevertheless, it uses a
single DXCCII, which is its significant advantage over the
second multiplier employing two DXCClIs.

Besides the input range width and symmetry advantages,
the second multiplier supplies another flexibility, which is
the tunability feature. As revealed theoretically above, the
control voltage V¢, of M, can be tuned to electronically
adjust the scale factor k. This feature of the second
multiplier is illustrated in Figure 7 which shows V4
Vini g curve families for two different V¢, values. Figure
7(a) and 7(b) shows the curve families for Vc,=1.75V and
V=225V, respectively, while V¢1=1.75V.
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Figure 7 Tunability of the scale factor of the second
multiplier: VougVinia curve family for (a) Ve,=1.75V,
(b) VC2:2.25V.

It is worth mentioning an additional detail: With a triode
MOSFET load (i.e. M;), both multipliers operate more
linearly than the case when M, is replaced by a linear
resistor with an equivalent resistance value. This is
because the nonlinearities of M, and M; (M;’) further
eliminate each other with the help of the way of
connections of their terminals.

SPICE .AC analyses have shown that both multipliers are
capable of operating within acceptable limits roughly up
to 100MHz of input signal frequency (for both inputs).
However, this result is valid only for very small signal
amplitudes. For large signals, it is very likely that the
operation will be degraded by static and dynamic
nonlinearities (e.g. MOSFET and junction capacitance
nonlinearities).

Frequency doubling was taken as a large signal
application to reveal the large signal and high frequency
performance of the proposed multipliers. The two inputs
of the multipliers were driven by the same signal source
with an amplitude of 0.5V. In this case, the output voltage
is expected to possess a single frequency component twice
as much the input signal frequency.

The first multiplier was able to obtain the doubled
frequency at the output but an imbalance was observed on
the output signal, as shown in Figure 8(a), which is
because of the additional frequency components at the
output. This result is partly due to the different delays
from two inputs to the output. Actually, the dominant
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Figure 8 Frequency doubler application with (a) the first
multiplier (V¢=V=1.75V, amplitudes: V;;;=V;;,=0.5V
@ f=250kHz,), (b) the second multiplier (amplitudes:
Vinl’d:VingdeO.SV @ fZZSMHZ, VCl:l 75V, Vc2:1V).

reason is the significantly different two delays from the
inputs to the terminals X, and from the inputs to the
terminal Z,, caused by the assymetrical structure and the
way of retrieving the output voltage. That is to say, taking
the output voltage across the terminals X, and Z, degrades
the large signal behavior significantly as input signal
frequency is increased. For input signal frequencies above
rougly 250kHz, the “imbalance” of the output signal was
observed to increase further, as can be observed from
Figure 8(a), which shows the behavior of the frequency
doubler built with the first multiplier, for an input signal
frequency of f=250kHz. The main component of the
output signal is observed as 500kHz.

The second multiplier, with its fully balanced structure,
does not possess the disadvantages of the first multiplier
mentioned above. Therefore, the large signal behavior is
much better, even for much higher frequencies. Figure
8(b) shows the inputs (f=25MHz) and output for the
frequency doubler which utilizes the second multiplier,
with V=1.75V and V=1V. As can be observed from
the figure, the output signal possesses a S50MHz
component, which is apparently very dominant.

V. CONCLUSION

The two multipliers proposed in this work have different
properties. The first multiplier has the advantage of
employing a single DXCCII, which helps to keep the
consumed power and occupied chip area smaller (almost
half) with respect to the second multiplier. However, its
large signal and high frequency behavior is apparently
worse, mainly due to its asymmetrical structure. The
second multiplier uses two DXCClIIs, but it has a fully
balanced structure which enhances its linearity, input and
output voltage swings and large signal high frequency
behavior. So, the first multiplier is suitable for
applications where power and/or area consumption is the
main concern but a high-frequency operation is not
demanded. In higher frequency large-signal applications,
the second multiplier is much more suitable, but with
increased area and power consumption. Tunability of the
second multiplier is an advantageous feature, which
brings flexibility to both design and operation.
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