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Abstract—A parallel structure for a CMOS four-quadrant
analog multiplier is proposed and analyzed. By applying dif-
ferential input signals to a set of combiners, the multiplication
function can be implemented. Based on the proposed structure,
a low-voltage high-performance CMOS four-quadrant analog
multiplier is designed and fabricated by 0.8um N-well double-
poly-double-metal CMOS technology. Experimental results have
shown that, under a single 1.2-V supply voltage, the circuit has
0.89% linearity error and 1.1% total harmonic distortion under
the maximume-scale input 500-m\p-p at both multiplier inputs.
The —3-dB bandwidth is 2.2 MHz and the dc current is 2.3 mA.
By using the proposed multiplier as a mixer-core and connecting
a newly designed output buffer, a CMOS RF downconversion
mixer is designed and implemented by 0.3m single-poly-double-
metal N-well CMOS technology. The experimental results have
shown that, under 3-V supply voltage and 2-dBm LO power, the
mixer has —1-dB conversion gain, 2.2-GHz input bandwidth, 180-
MHz output bandwidth, and 22-dB noise figure. Under the LO
frequency 1.9 GHz and the total dc current 21 mA, the third-
order input intercept point is 4+7.5 dBm and the input 1-dB
compression point is—9 dBm.

Index Terms—Analog multiplier, low voltage, RF mixer, wire-
less communication.

I. INTRODUCTION

T is known that the analog multiplier is an importan

multipliers in [5]-[8] have a complex structure and thus the
bandwidth is limited. The multipliers in [9] and [10] have a
large chip area.

In this paper, a parallel structure for CMOS analog multipli-
ers is proposed, which can be designed to satisfy the different
requirements in different applications. The proposed multiplier
structure is based on the quarter-square identity implemented
by using six combiners [11]. It has a simple and symmetric
architecture and can be designed to achieve high bandwidth
with high port-to-port isolation, or small chip area with small
power dissipation for different applications. Moreover, the
most noticeable feature of the proposed multiplier structure
is its capability of low-voltage operation. Unlike other low-
voltage analog multipliers which use at least two stacked
transistors [12]-[15], the proposed multiplier uses only one
stacked transistor. Thus it can be operated at lower supply
voltage of 1.2 V while sustaining high linearity under high
input signal swing. This feature make the proposed multiplier
very suitable for the battery-operated portable systems.

Recently, due to the increasing demand on high-
performance low-cost wireless communication systems,
more and more effort has been devoted to the implementation
of CMOS RF mixers [16]-[18]. These mixers have good

= . ; : erformance and are suitable for the application of wireless
building block in analog signal processing systems. E‘ystems. In this paper, as an illustrative application example
can be applied to phase comparators, frequency mixers, aidne proposed multiplier structure, an RF downconversion
neural networks. Generally, the analog multipliers in differenf. o is designed by using the proposed multiplier as the
applications have different requirements. In the application ffiyer core and a new operational-transconductance-amplifier
phase comparators, the phasg Qelays from both input PS(EBSrA) buffer as the output stage. The proposed RF mixer has
to the output port of the multipliers should be equal. Th'ﬁigh input/output bandwidth while sustaining high linearity.

means that the multipliers should have a symmetric strugp, ;s it can be applied to either zero-IF or dual-conversion
ture. In the application of radio-frequency (RF) mixers, thgsceivers.

linearity, frequency response, and the port-to-port isolation of |, gection |1, the operational principle, circuit realization,
the multipliers are important gharacteristics. In the applicati%d experimental results of the proposed analog multiplier
of neural networks, both chip area and power consumptigpy hresented. In Section Iil, the design methodology and
of the multipliers are important issues. So far, many highpe experimental results of the RF downconversion mixer are
performance CMOS analog multipliers have been propossg/en_ In Section IV, a conclusion is given.

[1]-[10]. Among them, the proposed multiplier structures in

[1]-[3] are asymmetric. The multiplier structure in [4] uses I

o o : . . MULTIPLIER DESIGN
resistive divider and thus has low port-to-port isolation. The

_ , _ , ~A. Operational Principle
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Fig. 2. The circuit diagram of the combiner.
Fig. 1. The proposed structure of the analog multiplier using six combiners.

is proposed as shown in Fig. 2, where the drain terminals
of two MOS transistorsi/; and M, are connected to the

resistor R. The transfer characteristic of the combiner in
Fig. 2 can be modeled by the drain current equation of MOS

be expressed as

Z; = AL X7 4 AP + AsX + AYi + A;

(1 =14) (1a) transistors in the saturation region. Since the nonideal effects
Zi = BIX} + BoY? + B3 X; + BiY; + Bs of channel-length modulation and mobility degradation can
(i =5, 6) (1b) be efficiently suppressed in the analog multiplier structure of

Fig. 1, the ideal drain current equation is used to model both
where Z; is the output of the combine€om(; = 1-6), X; combiner and multiplier, and then the nonideal effects will be
andY; are the inputs tadCom, and A;—A; and B;—-B; are discussed. Using the ideal square-law current identity of the
constants. Generally, (1) is the second-order functions. If tMOS transistors, the drain currefiy can be expressed as
constantsA4;, As, By, and B, in (1) are set to zero, (1) is I = K(Veo — V)2 3
reduced to the first-order functions similar to those in [4]. p=K(Vas = Vr) (3)

A; shown in Fig. 1, the input signals of th.e multiplier argynere x — 115(Chn/2)(W/L) is the transconductance param-
applied toCom-Com,, whereas the output is taken as theer . is the effective surface carrier mobility;,. is gate
difference of the outputs dform; and Coms. Assume that the gyige capacitance per unit arel(L) is the channel width
common-mode dc voltagels, and V> are imposed upon the (jength) of the MOS devicels is the gate-source voltage,
input signals+v; and +wv,, respectively. Then the inputs togq Vi is the threshold voltage. 1M, and M, are in the

X, and X3 (X, and X,) are written asVy +v1 (Vi —v1)  gsaturation region, the voltage, at the drain terminal of the
whereas those tb> andYs (Y; andYy) asVo —va (Va+v2),  combiner becomes

as shown in Fig. 1. The output @om—-Com, Z;—-Z, can
be obtained by substituting the input voltagesX6f and Y;

(¢ = 14) into (la). After that,Z; and Zs can be derived
from (1b). The output signal is given by,w = Zs — Zs.

Through some calculations, it can be found thaBif = B.

and Bs = By, the undesired terms in the expressionuvgf;

can be cancelled, and the resultapy; is

Vout = 8B1(241 V1 + A3)(24:V5 + Ay)vive = K'viva. (2)

Vz =Vpp — R[K1(Vx — Vr)? + Ka(Vy — Vr)?]
= — RK V2 — RK,V? + 2RK | VrVy + 2RK>VrVy
+ (Vpp — RK1V} — RK,VE). (4)

It can be found that (4) is the same as the required function (1).

The complete analog multiplier can be obtained by connect-
ing the combiners as shown in Fig. 1. The resultant circuit
diagram is shown in Fig. 3. IRom —Comy, the value of the
Thus, the output is a linear multiplication of andv, with resistorsR;;, i = 14, is R;, whereas all the MOSFET'’s
the multiplication constank” = 8B (24, V] 4 A3)(242Va +  M,; (My;) are identical with the samé& (K, ). Substituting
Ay). This verifies the multiplication function of the analogh;,, K, andX, into (4) and comparing to (1a), one can obtain
multiplier structure in Fig. 1. the corresponding coefficientd;—A; as

The key component in the multiplier of Fig. 1 is the

combiner. Any circuit that performs the function in (1) can AL =~ Ry K,
be used as the combiner. To form the multiplier with the Ay = — RyK,
combiners, the constraints afy = B> and Bz = B,. A3 =2R, K, Vp
B. Circuit Realizati A =2l
. Circuit Realization
As =Vpp — RyK, Vi — RyK, V3. (5)

The second-order transfer function in (1) can be imple-
mented by the MOS transistors. To implement the conm Comy and Cony, the value of the resistorB.; and R is
biner using the MOS transistors, a parallel circuit structutg., whereas all the MOSFET'8/,; are identical to the same
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Fig. 3. The circuit diagram of the proposed analog multiplier.

K. SubstitutingR,. and K. into (4) and comparing to (1b), and the other at the minimum, should be high enough to keep

one can obtain the corresponding coefficieBis-B; as the transistord],. in the saturation region. Thus we have

B, = By = —-R.K. Vop — ReKe(Viy 4 Vi) > max(Vea, Viz)  (9)

Bs = By =2R.K:Vr where

Bs =Vpp = 2RK. V7. (6) Vi1 =Vop — Vo — R Ko, (Vop — Vr)?
Thus, the output voltage,,; can be derived by substituting V2 = Vop = Vr = Ryl (Vop — Vr)*. 4o
A1=A; in (5) and B;-B; in (6) into (2). The result is Equations (7)—(10) provide the design guideline for the pro-

9 posed multiplier. For a giveWpp, the values ofz,, K,, and
Vour = [—32R KR K Ko (Vi = Vr)(Va = Vi) w102 K, can be designed by using (8). After that, the value®Rpof
= K'viva. (7) and K, can be determined from (8) and (9).
Lo L . It is noted that, unlike some analog multipliers whose input
The multiplication function is thus realized. - range at one input is dependent on that at the other input
One of the advantages of the new structure in Fig. 3 ?9]-[23], both inputs of the proposed multiplier can swing
that the supply voltage can be very low. The minimum supp Vpp simultaneously. Thus they have the same input range.
volltage of t_he c.ircuit s deltermingd by the rquired input signg rthermore, the circuit can be designed to be either symmetric
SWing. As in Fig. 3, the input signal range is betwelépp or asymmetric by setting the values &f, and K. With the

;nd V:.P'.If the mpu} S'gr:fl Z\ivmg IS _0.51\£ ?;WT is 0.7V, above advantageous features, the proposed multiplier can be
€ minimum supply VOag&pp min IS 1.2 V. applied to various applications.
In order to perform the multiplication function, all the

transistors in the circuit should be kept in the saturation regi%w .
. : . - . Nonideal Effects
under the maximum input signal. Thus, the minimum voltagé
at the node§D~@, which occurs when both inputs arelgs , The above derivation of the multiplication function is based
should be high enough to keep the transisthr on and both on the assumptions of perfect square-law MOSFET char-

the transistors\/, and M, in the saturation region. Thus theacteristics and completely matched devices. However, some
design equation can be written as nonideal effects exist to affect the multiplication function.

The nonideal effects include mobility degradation effect and

Vop — Ry(K, + K3)(Vbop — Vr)? > max(Vr, Vpp — Vo). channel-length modulation effect of MOS devices as well as

(8) device mismatches due to process variations. For simplicity,

the high-order terms are neglected in modeling the nonideal

The similar restriction is also imposed at the no@and(e. effects on the multiplier structure. Thus mobility degradation

The minimum voltage at the nod€s or (6, which occurs effect and channel-length modulation effect can be modeled
when one of the inputs; or v, is at the maximum voltage separately.
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TABLE |
THE EXTRA TERMS GENERATED BY THE
ELEMENT MISMATCHES IN THE MULTIPLIER

Extra Mismatch Items
Terms | K,, K, K. Vi, Vi Vi | Ry R,
dc offset N K N N N N
v, v v v vV [ ¥
v J v v vV [
Vi v Vv N v N N
v, v v V v v vV
Vv, v N v v
vivs v v v J
v v v v v
v y J v v
vy, v y S y
v, v V V V
v, N v N N Fig. 4. The microphotograph of the fabricated analog multiplier.

voltages V., Vry, and Vr.; and the resistance#, and
.. Due to the device mismatches, the extra terms other
than the multiplication term can be found through theoretical
(Vas — Vr)? calculation [24]. The extra terms generated by the mismatched
1+6Vgs — Vr) parameters are listed in Table I. It can be seen from Table |

where 6 is the mobility reduction parameter. Using (11) t&hadt ge matching (_:haract:ter':stttlwcs of :Ee paratm?erst,Kc,t

derive the output voltage of the multiplier and ignoring th ndly, are more important than other malching parameters.

high-order terms o8, the output voltage:,,, becomes enerally, better matching characteristics can be obtained by
' out using larger dimensions of transistors and resistors. However,

Taking into account the mobility degradation effect, th
current equation of the MOS transistors can be written as

In=K (11)

Vour = {1 _ %(Vl — Vi)fa — %(VQ — V)6, the chip area consumption an_d frequency performance could
be degraded at the same time. Thus, tradeoff should be
— 3[Ry Ko (V1 — Vr)? encountered in the circuit design.

In the design of the proposed multiplier structure, both
+ RyKy(V2 — Vr)? = Vop + V7] 9C}K’vm transistor dimensions and resistor values can be chosen to
achieve the optimal gain, dynamic range, bandwidth, or noise

_ {;9(1 + 3RbKa9c:| K'vduy performance according to the application requirement. In this
2(V1 = Vr) case, the proposed multiplier structure is designed to be

1 1.3 operated at the minimum supply voltage while maintaining

[2(1/2 — VT)eb + 3RbeGC}K U1tz (12) high-linearity characteristic and small chip area. The design

whered,, 6,, andd, are the mobility reduction parameters of/t€rion is to maximize the signal swing while keeping all

the transistorsM,, M,, and M., respectively, and<’ is the the active devices in the saturation region. The resultant

multiplication col;;stan’t definecd in (7). aspect ratio in micrometers of the transistors @ié/L), =
Taking into account the channel-length modulation effedV/L)y = 50/1 and (W/L). = 50/2, whereas the resistor

the current equation of the MOS transistors can be written %&IU€S areft, = 400  and K. = 4 kQ with the width 4.2
and 3um, respectively. By using these parameters, the SPICE

Ip=K(Vgs — Vr)*(1+ AVps) (13) Monte Carlo simulations with 0.03-V standard deviation of

where) is the channel-length modulation parameter. The oufz @nd 0.02xm standard deviation of dimensions in both the

put voltage considering the channel-length modulation efidégnsistors and resistors have been performed. The results show
can be found in [24]. that the THD is about 1%. The THD can be further reduced by

The linearity of the multiplier has been simulated b sing anger channel transistors. The sin_1u|atio_ns have shown
HSPICE using a level 6 device model. The results ha Bat, with the channel lengths Qf transistors .mcreased four
shown that the maximum-scale total harmonic distortigii"eS and other parameters adjusted to maintain the same
(THD) without considering the device mismatch effect iSi9nal swing, the THD can be reduced to 0.5% due to the
very small compared to the THD with considering th&educed channel-length mismatch errors.
mismatch effect. This means the dominant error source of .
the proposed multiplier is the device mismatch. This 8- EXperimental Results
because the multiplication function in (7) is realized by The designed CMOS analog multiplier witfbp = 1.2V is
cancelling the undesired terms at the output, which relies @bricated by 0.8§zm N-well double-poly-double-metal CMOS
the matching characteristics of the devices. In the multiplieechnology with the nominal threshold voltagdé- = 0.7
circuit of Fig. 3, the parameters required to be matchad The resistors in the circuit are implemented by poly
are the transconductancds,, K;, and K.; the threshold resistors. The microphotograph of the experimental chip is
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‘10 . of the fabricated multiplier, wherg-250-mV dc voltage and
ps/div

20-kHz 500 m\f--p sinusoidal wave are applied t@ and
4, respectively. In Fig. 7, the maximum-scale total harmonic
distortion is 1.1%.

The frequency response of the fabricated multiplier is shown

Fig. 6. The measured maximum-scale linearity error of the fabricated m
tiplier.

shown in Fig. 4. The active chip area is 1¥4199 um?.

In the measurements of the fabricated multiplier, an arbitra%i'gbai;vhz,iﬁ tglenTt?—:- zsgrei&;dRB Cblznqwéds? S{Zczt'.gnl\?g'rrzﬁe d
waveform generator with 1-mV resolution is used to gener g WIdIR 1S fiml y W-p !
the required differential input signals. y the multiplier output resistance of 4lkand the package

. - aepacitance about 18 pF. If an output buffer is used to reduce
Fig. 5 shows the measured dc transfer characteristics of : A . .
) L . . € output capacitance of the multiplier, the signal bandwidth
fabricated analog multiplier with the input voltages and v, : o e ;
. : an be much higher. This will be verified in the design of RF
between+250 mV and the corresponding maximum outpu(f . : S )
. ; : ) ixers. Since the multiplier is symmetric, the measurement
swing £220 mV. The linearity measurement is performqu . .
. . results remain the same where the input voltagesnd v
by supplyingv; and v with 2250 mV dc and+£250 mV . .
. : re interchanged. The measurement results of the fabricated
voltage ramp, respectively, and measuring the voltage d|af- o . .
. . nalog multiplier are summarized in Table II.
ference between,,; and an ideal voltage ramp with equafril
amplitude. The measured waveforms are shown in Fig. 6
where the top waveform is the measured,;, the middle
waveform is an ideal voltage ramp,4..;, and the bottom ) o
waveform is the error VOage: oy = Vo — videar. AS shown A- Mixer Characteristics
in Fig. 6, the maximum-scale linearity error is 3.9 mV/440 In the RF mixers, the important design parameters are noise
mV = 0.89%. Fig. 7 shows the measured harmonic distortidigure (NF), conversion gain (CG), third-order input-intercept-

lll. RF MIXER
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TABLE I dBm is often required by the mixer to obtain high linearity
THE MEASURED CHARACTERISTICS OF THEFABRICATED ANALOG MULTIPLIER and high dynamic range. Such a high LO power causes the
Parameter Value LO energy leaks through the RF port and radiates from the
Technology 0.8um antenna if the port isolation of the mixer is not high enough.
VDD 1.2V The design criteria of the mixer is to keep the LO power as
Input Range 500mVyp.p low as possible and increase the port isolation.

Output Swing 440mVypp
Linearity Error 0.89%

THD 1.10% B. Buffer Design
Bandwidth 2.2MHz When the mixer is not integrated with the IF circuits, the
DC current 2.3mA IF output of the mixer is required to drive a low-impedance

load such as an external filter or the instrument impedance.
However, the circuit in Fig. 3 is not suitable for driving the

point (I1P3), input bandwidth, output bandwidth, port-to-porfoW-impedance load. Thus an output buffer is required. In
éder to keep the IF signals undistorted, the buffer should

isolation, and local oscillator (LO) power. These paramete? X . - X ) . . .

should be designed to meet the requirements of various stav€ high driving capability with high linearity and high

dards for different wireless communication systems. bandwidth. The conventional buffer amplifier has sufficient
In this paper, the proposed mixer is intended to be used 4&ving capability, but its bandwidth is not high enough

the RF downconversion mixer in the wireless receiver. THEOI-[31]- Therefore, a new high-performance OTA buffer is

RF downconversion mixer is often placed after a low-noidi€signed. o

amplifier (LNA). The LNA provides sufficient power gain to F'g' 9 ShO_WS the C|rc_U|td|agram of the prqposed OTA buffer

mask the noise contribution of the subsequent stages. TH{UCN consists of an input stage, a predriver stage, and an
the noise figure contributed by the mixer can be ignored if i_&“tpUt §tage. The mput_ stage p.erforms. the subtraction of the
value is lower than the total gain of the previous stages. FofRut signals and provides a little gain to compensate the

receiver with 20-dB gain contributed by LNA, the NF of thd©SS ©Of the predriver stage. The polysilicon resistéis and
mixer should be lower than 20 dB. R, are chosen as load elements because they have higher

Since the LNA has provided sufficient gain, the CG OfIrequency response and higher signal swing than the active

the mixer should not be high to overdrive the subsequef@dS: The predriver stage performs level-shifting and single-
stages. Higher gain also implies higher signal swing in tﬁg—dmerennal conversion of the signals fror_n the input stage.
circuit, which could degrade the linearity and the dynamith€ ©utput stage is a push—pull stage driven by two level-
range. Nevertheless, very low gain far below 0 dB is alsglifted signals from the opposite side. This cross-coupled

unacceptable because the noise contributed by the stages SfBFMe Provides additional common-mode rejection for the

the mixer becomes higher. Thus the value of CG around 0 GBCUIt o .
is acceptable. In order to operate the circuit under the best condition,

In modern wireless systems, the receivers could be subject?§ !evel-shifted signals driving the output stage should have

an environment with large adjacent-channel interfering signaftdu@ amplk:tude, which requires the transstMgh—Ml.l o
Due to the nonlinearity of the receiver, those interfering@ve matched transconductances. Moreover, the dimensions

signals produce co-channel interference which degrades Hien€ transistorsMi,—M,; should be matched to those of

signal-to-noise-ratio of received signals. Thus,lIBf the Mgs=M,,. If these matching requirements are met, the currents
receiver, which indicates the ability of the receiver to rejed@W through both PMOS and NMOS transistors of the output

the interfering signals, becomes a very important feature J9¢ aré matched and the second-harmonic distortion of the
the RF receiver. In most cases, the signal power handled %l}put current can be dramatically reduced. This phenomenon
the RF mixer is higher than those by the other stages in tiSalllustrated in Fig. 10 Wh_ere the currents flow through both

receiver. Thus, IIp of RF mixers is a critical parameter in thePMOS and NMOS transistors of the output stage and the

receiver design. In order to sustain a high receiver linearigoMPined output current on a 3d-load are drawn as a
IIP; of the mixer should be as high as possible. unction of the input voltage. As seen in Fig. 10, the combined
To cover the interested signal frequency ranges accordifigtPut current has a larger linearity range than those obtained
to the standard, both the input bandwidth in the RF port aify driving a single transistor. Thus high linearity can be
the output bandwidth in the IF port of the mixer should pabtained with low output transistor bias currents. In addition to

high enough. For the application of modern wireless systerﬁg? highjlinearity characteristic,_the buff_er a_Iso benefit_s from
the required input bandwidth is 900 MHz or 1.9 GHz. Bujh® low-impedance node©~® in the circuit. Thus, high-

the output bandwidth requirement depends on the architect{[RAUENCY response can be obtained. The buffer is intended
of the receiver. In a dual-conversion receiver, the IF is abol@ ©Pen-loop operation and no compensation is employed.

70-100 MHz for the 900-MHz system or 90-240 MHz for the 1€ SuPPly voltage of the buffer is determined by the
1.9-GHz system [25]-[28]. In a zero-IF receiver, the outpliduired signal swing at the nod@s~®. The maximum signal

bandwidth of a few megahertz is enough. swing at the Node@—~® Viwing, max Can be expressed as
The port-to-port isolation and LO power are also important
issues in the mixer design. The LO power in the order of a few Viwing, max = 5(Vop — VDS, 0n — 2V7) (14)



HSIAO AND WU: PARALLEL STRUCTURE FOR CMOS FOUR-QUADRANT MULTIPLIERS 865

output stage
/ pre-driver
.r"'"finpul 3139;\\

M,

E :!I-a'.l

I%
5

o

ya S B E 4

" M,

=t
1

Fig. 9. The circuit diagram of the proposed OTA buffer.

whereVps o is the minimum saturation drain-to-source volt- 10

age of the transistabs (M-). In this design, giveVps, on =

02V, Vy=0.7V,andVpp =3V, Viwing, max 1S 0.7 V. The I e T e e e s e
simulated gain and bandwidth of the buffer with Q0loads 6 ot N

are—1 dB and 180 MHz, respectively. The dc current is 6 mA.
4 J

I(NMOS:

C. Mixer Design \( )
The multiplier in Fig. 3 is used as a mixer-core which is
directly connected to the OTA buffer to form a complete
mixer. An intuitive operational principle of the mixer-core is

current (mA)
o

utpﬁt)

given as follows. Assume the; port in Fig. 3 is supplied 4o N
with a large enough LO signal to drive the transistors ON and \
OFF. When LO is at high voltage, the transistavk,; and 6 A SR\

M,3 are ON, whereas the transistavk,, and A, are OFF.
Thus the nodes1) and (3 are at low voltage that disable the

transistorsi.; and M_s3. In this case, the RF signal can -10 —— . ,
be transmitted to the output through the transisfdis, M4, -0.5 -04 0.3 -02 -01 0.0 00 0.2 03 04 05
M,.o, and M_4, and the output is out-phase. When LO is at input voltage (V)

low voltage, the transistord{,, and A,, are ON, whereas

the transistord\/,; and M,3 are OFF. Thus the nod€® and Fig. 10. The simulated currents flow through both PMOS and NMOS
: : transistors of the output stage and the combined output current on{h 50-

@arg at low voltage that disable the tranS|'stM§2 and M 4. load as a function of input voltage.

In this case, the RF signab can be transmitted to the output

through the transistord/,,, M3, M., and M 3, and the o _ .

output is in-phase. Thus the RF signal is switched by the LRedesigning of the element values is required to meet the

signal. requirements given in Section IlI-A.

For the mixer-core of an RF downconversion mixer, the The voltage conversion gain’'GG,, of the mixer can be
element values in Section II-C are not the optimum desigderived from (7) and rewritten in terms of small-signal pa-
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rameters. The result is TABLE Il
9 THE ELEMENT VALUES OF THE PROPOSEDMIXER
CG’U = (_4\/§RcKcRbgrnagrnb)VLO,rmsAbuffer (15) MIXER-CORE BUFFER
whereg,.., andg,,; are the transconductances of the transistors Parameter |Value _ |Parameter ;’g/‘;’e
M, and M,, respectively, V.o mms IS the LO amplitude W/L(M,) |20/0.5  |WIL(M,;,M;)
expressed inV; and 4 7is the voltage gain of the WL (M, ) 140/9.5 WIL(M,) 20071
b ?f rms buffer 9€¢ 9 W/L(M,) [10/0.5  |W/L(M,Mg) |50/1
urer. _ o , R, 5000 |W/L(Mj,M,) |40/0.6
The input bandwidthyiy, 3 4p of the mixer is determined by R, 5000 W/L(Mj,M,) |90/0.6
the RC time constant at the nod€s—@ in Fig. 3, which is WIL(M 15,M ;) |38/0.6
given by W/L(M ;,,M 13)]900/0.6
1 W/IL(M 14,M ;5)[340/0.6
fin,3dB = 27 RCrn (16) R..R, 1kQ
tot

where Cy,; is the total capacitance on the nodes, which can
be expressed as can be determined. Since the channel widths of the transistors
. are set,g,,, and g,,, can be obtained by givin roper
Crot = Cpa + Uy + Cge + Cres (17) channel length and dc bias. Then the valilje%hf agndecp
where Cp, and Cp, are the drain terminal capacitancesan be determined from (15). With all the device parameters
of transistors M, and M,, respectively,Cq. is the gate determined, the noise factor can be calculated from (18). If
terminal capacitance of transistdf., andC,.., is the parasitic the resultant?’ is not low enoughg,., and g.,, should be
capacitance of resistaR,,. increased. This can be achieved by increasing the bias currents
The noise factorF” of the mixer can be derived basedr decreasing the channel lengths &, and A,. However,
on the following assumptions. 1) Under the large LO signahcreasing the bias current increases the power consumption,
the average transconductances of the transistors are equalhiereas decreasing the channel length increases the mismatch
the quiescent transconductances. 2) The image-band na@s®rs that degrade the linearity. Thus, the tradeoffs among
power is equal to the RF-band noise power. Both of thenvise factor, power consumption, and linearity performance
are transferred to the IF frequency band completely. 3) Ordfould be made. If the result is still not satisfactory after using
thermal noise is considered. 4) The noise contributed by ttiee above two design methods, the design process should be
buffer stage is ignored. The derivédis given as (18), shown resumed with another value dt,.
at the bottom of the page, whegg,. is the transconductance In this design, the nominal supply voltage is 3 V. This value
of the transistorM,., and R;,, is the source resistance 50 of supply voltage is required for the buffer operation. If the
In the numerator of (18), the four terms represent the noisgxer is to be on-chip connected to other circuits, the buffer is
contributed by the transistor®, and M,, the transistoiM., not required and the supply voltage can be lower. The element
the resistorR,, and the resistoR,.. Hand calculation of (18) values of the mixer-core and the buffer are listed in Table III.
shows that the most noisy sources are the transigthyand The input terminals of the mixer-corgg and v, are served
M. Their contribution is about 80% of the total noise. as LO port and RF port, respectively. Both the dc bias of RF
The tradeoffs among the element values in the mixer-coaad LO ports are 1.5 V. The width of the resisty is 4 .m,
design can be observed from (15)-(18). As in (15) and (16yhich results in 0.06 pF’,..;. The total capacitanc€,. is
the resistanceR, affects bothCG,, and fi, sqs. Thus, it is 0.15 pF; thus, the input bandwidtfy, 345 is 2.1 GHz. The
an important parameter in the mixer design. Siftgis a simulatedCG,, is 0.89 1 dB) while the LO power is 2 dBm
dominant parameter, the design of the element values d@m83 \,,s). The noise figure calculated using (18) is 23.8
be started from the determination &, to achievef;, sqs. dB. The dc current of the mixer-core is 15 mA. This value is
In fact, the large parasitic capacitance associated with thesigned after the tradeoff with both noise figure and linearity.
resistor leaves very few choices dt, for the gigahertz The dc current could be decreased if the required input
range operation. The&?, value of a few hundred ohms isbandwidth is not so high. With the bandwidth requirement
reasonable. Whilé,, is set, the parasitic capacitan€g., can decreased to 1 GHz, the designed value’gf; is increased.
be determined from the dimension &%. At the same time, This means the transistor dimensions can be increased; thus,
the upper limit of C,, is also set by the requiredi, 34z the same transconductances can be obtained with lower dc bias
from (16). Substituting the obtained,., and C;,; into (17), currents. The simulations have shown that, with the device
the maximum terminal capacitances of the transistors can dismensions and resistor values of the mixer-core changed to
determined, which implies the channel widths of the transistof8//L), = 40/0.5, (W/L), = 80/0.5, (W/L). = 5/0.5,
are limited. R, =670 ), R. = 500 §2, and dc bias voltage- 1.05 V, the
Since R, is designed an@’G.,, V1o, rms, and Ay, re are mixer-core can reach the same performance as the previous
given, the unknown parametef., K., gne, andg,,, in (15) design while decreasing the dc current to 9 mA.

=

1_36(.97710, + gnlb)(Rbchnlc)Q + %grncRg + 8Rb972ncR<2; + 4Rc + 1
R, CG2

v

(18)
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. . . . . Fig. 12. The measured output bandwidth of the fabricated mixer.
Fig. 11. The measured input bandwidth of the fabricated mixer. 9 P
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D. Experimental Results : : ,
The experimental chip of the proposed mixer is fabricated —8— LO=19GHz

by 0.54:m single-poly-double-metal N-well CMOS technol- —0— LO = 900 MHz

ogy. The active chip area is 590 220 ym?. In order to B '

perform the high-frequency measurements, the experimental
chip is mounted on the PCB directly, which effectively reduces
the I/O parasitics. In the experimental board, both RF and LO
ports are terminated with matching resistors; thus, the port
reflections can be lower thar10 dB in the measured fre-
guency band. The differential signals in the measurements are 2 5
generated through three passive single/differential converters 21 4 - :
connected to the RF, LO, and IF ports. The bandwidth of the 5
converters is 2 GHz. The accuracy of the measured signal
power level is about:0.5 dB.

oise Figure (dB)

The measured power conversion gain versus RF signal 20 : — i i
frequency with IF fixed to 20 MHz is shown in Fig. 11. In the 0 5.0x107 10° 1.5x108  2.0x108
measurement, the high frequency is limited by the bandwidth IF frequency (Hz)

of the single/differential converters. However, the extrapolattla:d 13 Th d NF Ff f the fabricated mi

input bandwidth shown in Fig. 11 is 2.2 GHz which is cloge'd > e measure versus [ frequency of the fabricated mixer.

to the calculated value. The measured output bandwidth of

the fabricated mixer with LO fixed to 1.9 GHz is shown irfrequency in the measurement is limited to 10 MHz by the

Fig. 12, where the measured3-dB bandwidth is 180 MHz, instrument. As seen in Fig. 13, the measured NF is about

which is consistent with the simulated bandwidth of the outp@2 + 1 dB in the entire IF frequency band. This value is

buffer. The intrinsic output bandwidth of the mixer-core islightly lower than the calculated value (23.8 dB) because the

much higher than this value. The simulations have shown theaterage transconductances of the transistors under the large LO

the internal bandwidth at the output nodes of the mixer-cosiggnal swing are higher than the quiescent transconductances

is up to 620 MHz. With proper changes of the componemted in the calculation.

values, this value can be designed to be higher than 1 GHzThe measured third-order input intercept pointsliBnd

Thus an upconversion mixer can also be implemented by ttie measured input 1 dB compression point J& of the

proposed multiplier structure. fabricated mixer with.O = 900 MHz and 1.9 GHz are shown
Since the most popular frequency bands of the modemFig. 14(a) and (b), respectively. The two-tone frequencies

wireless systems are 900 MHz and 1.9 GHz, the LO frequen- the measurement withblO = 900 MHz (1.9 GHz) are

cies are set to the above two frequencies in the followirB80 MHz (1.93 GHz) and 940 MHz (1.94 GHz). As seen

measurements. The measured NF versus IF frequency of imé&ig. 14(a), the measured JRnd IR 4p are+7.5 dBm and

fabricated mixer is shown in Fig. 13, where the minimum I~10 dBm, respectively. In Fig. 14(b), iRand IR 45 are+7.5
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@ Fig. 15. The measured LO-to-RF isolation of the fabricated downconversion
mixer.
20 - g :
P, = +7.5dEm/
? A
10 : : TABLE IV
k ; THE MEASURED CHARACTERISTICS OF THEMIXER
0 P, =.-9d Pt
1abB ; /’ / Parameter Value
—_ : d / Co Technology 0.5 pm
g 0 VDD 3V
o LO power 2 dBm
2 CG -1dB
o RF bandwidth 2.2 GHz
3 IF bandwidth 180 MHz
5 NF 22 dB
< P, +7.5 dBm
P e -9 dBm
Isolation >27dB@1.9GHz
DC current 21 mA
70— i §

IV. CONCLUSION
45 40 -35 -30 -25-20-15-10 -5 0 5 10 15

Pin (dBm) A new CM_O_S analog muItip_Iier based on the_ square-
law characteristics of MOS devices has been designed and

() analyzed. The multiplier can be operated at very low sup-

Fig. 14. The measured, Pand IR i of the fabricated mixer under (a) ply voltage while sustaining a high linearity characteristic.
900-MHz LO and (b) 1.9-GHz LO. Moreover, it has the advantageous characteristics of symmetric
structure, high-frequency response, and small chip area. Thus,

dBm and -9 dBm, respectively. It has been found that thghe proposed CMOS analog multiplier is very feasible in
value of [IP; measured at one of the differential output portgarious applications. By using the proposed analog multiplier
of the mixer is the same as that measured at the differenté@lucture, an RF downconversion mixer has been successfully
output ports of the mixer. This means that the intermodulati@fesigned and fabricated. The performance of the experimental
distortion of the mixer is mainly contributed by the mixer-corghip has been verified through the measurement. It has also
and the output buffer only contributes negligible distortiorbeen shown from the experimental results that the fabricated
The high-linearity characteristic of the buffer is thus prOVQdRF mixer can meet the requirements of 900 MHz and 1.9 GHz
The measured LO-to-RF isolation versus LO frequency {§ireless communication systems. Further research will be con-
shown in Fig. 15, where the isolation degrades frefl to ducted to integrate the designed RF mixer with an RF bandpass

—27 dB as the frequency increases from 100 MHz to 1.9 GHampilifier [32] to form a high-integration CMOS receiver.
This means that the coupling between RF and LO ports is

capacitive. The capacitive coupling is mainly caused by the

asymmetry and crossover of the interconnection lines in the ACKNOWLEDGMENT

circuit layout. The measured characteristics of the fabricatedThe authors would like to thank the reviewers for their
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