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Noise in Current-Commutating CMOS Mixers

Manolis T. Terrovitis,Student Member, IEEEand Robert G. Meyerrellow, IEEE

Abstract—A noise analysis of current-commutating CMOS T T e (T TN

, , : : Iy = ToyToo = (Iy-Ip)-(Is5-1y)
mixers, such as the widely used CMOS Gilbert cell, is presented.
The contribution of all internal and external noise sources to
the output noise is calculated. As a result, the noise figure can
be rapidly estimated by computing only a few parameters or by
reading them from provided normalized graphs. Simple explicit
formulas for the noise introduced by a switching pair are derived,
and the upper frequency limit of validity of the analysis is
examined. Although capacitive effects are neglected, the results
are applicable up to the gigahertz frequency range for modern
submicrometer CMOS technologies. The deviation of the device
characteristics from the ideal square law is taken into account,
and the analysis is verified with measurements.

Index Terms—Active mixers, analog integrated circuits, CMOS
analog integrated circuits, CMOS mixers, frequency conversion,
Gilbert cell, mixer noise, mixers.

I. INTRODUCTION

HE mixer or frequency converter is a significant noise -
contributor in most communication systems. Its function
is inherently noisy because noise is transferred from multiple
frequency bands to the output. Since the circuit performs
frequency translation, it is not linear time-invariant and its, _
noise behavior cannot be analyzed with conventional circif & A €MOS Gilbert cell
techniques. This makes the designer almost exclusively depen-
dent on nonlinear noise simulators [5], [18]. Fast estimatiditermediate-frequency (IF) stage of a receiver, or, considering
of the noise performance is desirable because this capabiffpdern submicrometer technologies and high bias current, at
facilitates design optimization and accelerates the design cydlgher frequencies used at the radio-frequency (RF) front end.
Active CMOS mixers in which a switching pair is used® corresponding noise analysis of bipolar active mixers has
for current-commutation, such as the CMOS Gilbert cell, aR€en presented in [6].
commonly used in communication systems [1]-[4]. Modern The simple single-balanced active mixer is examined, and
CMOS processes are becoming widely used in the realizBe results are also presented for the double-balanced circuit,
tion of communication circuits because they are capable € Gilbert cell. The analysis can be readily adapted for
achieving high-frequency performance, are inexpensive, ay@fiations of the above structures, such as the current reuse
are appropriate for a high level of integration. Active mixergonfiguration presented in [2], cases where the output is taken
have conversion gain, relaxing the gain requirements of the single-ended form rather than differential, degeneration
blocks preceding the mixer and the noise requirements of fife€mployed to linearize the transconductance stage, or a

20

blocks following it. matching network is used at the input.

In this paper, we examine the operation and the noise
performance of current-commutating active CMOS mixers, Il. THE GILBERT CELL AND THE
neglecting capacitive effects. The results are applicable when SINGLE-BALANCED STRUCTURE

the mixer operates at moderate frequencies used at thehe Gilbert cell, shown in Fig. 1, was initially designed with
bipolar transistors [7] to operate as a precision multiplier, but

. . . . it has been used widely as a mixer with the transistors driven
Manuscript received June 1, 1998; revised January 4, 1999. This work was . . . .
supported by the U.S. Army Research Office under Grant DAAGSS—Q?%—y the strong local oscillator (LO) Slgnal acting as switches.

0340. The operation principle is the same in CMOS technology. It
The authors are with the Electronics Research Laboratory, Departmefity doubly balanced mixer, meaning that if only one of the

of Electrical Engineering and Computer Science, University of California, . . . . ..
Berkeley, CA 94{"720 us%. P b toor input S|gnals is applied, the output is ideally zero. The
Publisher Item Identifier S 0018-9200(99)04202-X. output signal ideally does not contain a component at the LO
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Iy =141, in short-channel devices. It depends on the channel length and
is independent of the body effect.

Since a large ac drive is applied to the switching pair,
the bias of M1 and M2 is not fixed but varies periodically
with time. When a differential voltage greater than a certain
value V, is applied between the gates of the two transistors,
one of them switches off. When the absolute value of the
instantaneous LO voltage o is lower thanV,, the current
of the driver stage is shared between the two devices. In this
case, it is desirable to find the drain current of each transistor
for a given LO voltage and driver-stage bias current. We will
assume that the output conductance of the devices can be
neglected, and therefor&/3 can be modeled with an ideal
Fig. 2. A single-balanced active CMOS mixer. current sourcd g. We will also assume that the load 8f1

and M2 is such that they remain in saturation during the part
of the LO period that they are on.

frequ_ency and its ha_rmomcs. There exists high port-to-port large-signal behavior of the switching pair is described
isolation among the input, LO, and output ports, aIIewatmgX the system of two equations
the

problems such as LO leakage to the antenna and reducing
amount of output filtering required. (Vas1 — Vr)? K (Vasa — Vr)?

The Gilbert cell consists of a transconductance or driver ~'1 4+ 6(Vas — Vo) T 1+60(Vase — Vr)
stage, which is a differential pair biased at a fixed operating (3)
point, and two switching pairs driven by the strong LO signal.
Resistive or tuned tank loads can be connected at the outyui
and degeneration can be used to linearize the transconductance
stage. The output current is

:IB

Vas: — Vas2 =Vio
(4)

where K is the K parameter ofAd1, M2, and Vs, Vase

where the above currents are defined in Fig. 1i.lfis the are the gate-source voltages &f1, M2. If we normalizelp
small-signal current at one output branch of the driver stagend V1o as follows:
assuming ideal switching, during the first half of the LO
period I, = 2i,, while during the other half, = —2i,. This Jg=—1Ipn (5)
alternation in the sign of the output signal provides the desired
mixing effect. Uro =6Vio 6)

It will be helpful below to consider half a Gilbert cell, showng 4 a1s0 let
in Fig. 2. This circuit is a single-balanced mixer itself, meaning
that the output curreni,; is zero when only an input signal Uy =60Vasy — V) Uz =60(Vgse — Vi) (7
is applied without the LO signal. The transconductance stage
is a single transistor. From (1), the output of the Gilbert cetl%e” (3) and (4) become

I, =1, —l,0 =1 —Iy)— (I5s — 14) 1)

is the difference of the output currents of two single-balanced U2 U2
mixers, and therefore the results carry over easily from the 1+ 0, + 1+ 0% =Jp (8)
single- to the double-balanced case. Uy — Uy =Uro. ©)

Equations (8) and (9) can be transformed to one nonlinear
equation withl/; as the unknown, which can be solved rapidly

) ] with an iterative numerical method. Considering a positive
The simple square-law MOSFET model is not accurate fQ/Fro the desired value of; lies betweenl; o and

modern short-channel technologies, and a better approximation

Ill. TRANSISTOR MODEL AND SWITCHING
PAIR LARGE-SIGNAL EQUATIONS

for the I-V relation of a MOS transistor is [8 J J?
18] Ve =+ P+ (10)
[ Yes= Vo) Va)? )
T 14+ 6(Vas — Vi)' which is the value of/; when the whole bias current passes

. . _ through M 1. With the transformation of (5) and (6), the
In (2), I is the drain currentycs is the gate-source voltage,normalized current of each transistor can be found in terms

and VT is the threshold Voltage of the device. Parameter of ']B and l]LO7 independent of the techn0|ogy parameters_
depends on the technology and the size of the device and:isy A71, for example

proportional to the channel width. Parametenodels to a first

. . . . 92 U2
order the source series resistance, mobility degradation due to J= V=i (11)
the vertical field, and velocity saturation due to the lateral field K, 1+,
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The transconductance of each transistor will be needed below

Vo)
and can be calculated as the derivativelofvith respect to v,
Vas from (2), or in normalized form as the derivative &f v, AN /\ ....... //\\

with U/; from (11).

It is worth noticing that no specific value 6f; is needed "V \\/ """" \\/ """" \ t
to calculate the drain current éf 1 and M 2. The behavior of [ Al ' i
the switching pair is independent &} and therefore to a first _’!A!'_ F—Tro—
order is independent of the body effect and the common-mode p‘)(ti t :
LO voltage. This observation allows us to omit the small-signal i N\ / \ { \
body transconductance below. Iy \ / \__/ L I
In the following analysis, some performance parameters of D

the switching pair will be given in terms of the normalized P10 b

bias current/g and LO amplitudel/, = 8V, with V, being 1 -

the real LO amplitude. The subthreshold conduction of the N /N VAR W
transistors has been neglected. Therefore, if the devices operate -1 \_/ —/ ot
at very low current density, the prediction will be inaccurate, o
especially for low LO amplitude where the transistors do. ;
not act as switches and their behavior depends on their I—p@ 3. Waveformspo(t) and (7).
characteristics.

where fro is the LO frequencyp; ,, are the Fourier com-
onents ofp;(¢), and X is the frequency spectrum of
IV. DETERMINISTIC SIGNAL PROCESSING z(t). P(f) () a v sP
If capacitive effects are ignored, the output current of Itis worth noticing that with good device matching,(t) =
the single-balanced mixer of Fig. 2 is a function of the-p;(t + T1.0/2), with T1c being the LO period, and hence
instantaneous LO voltadé, o(t) and the current at the outputp; (¢) has only odd-order frequency components. The same
of the driver stagds = I +i,, with Iz being the bias current observation can be made fay(¢).! Usually the term forn = 1

and i, the small-signal current orn = —1 is of interest, corresponding to shifting up or down
the input signal in the frequency domain by one multiple of
In=15 —IL=FMo(t),Ip+1s). (12) the LO frequency, and in this case = |p11| = |p1 1]
represents the conversion gain of the switching pair alone.
Sincesi, is small, a first-order Taylor expansion gives Since z(t) = gmavin(t) Where vi,(¢) is the input voltage

9 signal at the gate of\/3 and g¢,,3 is the transconductance
I, = F(Vio(t),Ig) + aTF(VLO(t)’IB) iy (13) of M3, the conversion gain of the single-balanced mixer in
B transconductance form is
or
Ge = C- gm3- (17)
Iol = pO(t) +pl(t) . Ls (14)
o ) _ For high LO amplitudep;(¢) approaches a square wave-
Both po(t) and py(¢) are periodic waveforms, depicted infoym and ¢ approache/r. Fig. 4 showsc, evaluated nu-
Fig. 3. As can be seen from (1) and (14), in a doubly balancgthyically as a function of the normalized bias currdatand
structure with perfect device matching,(¢) is eliminated. | o amplitudel/,, for a sinusoidal LO waveform. Assuming
During the time interval,, when the LO voltage is betwedfh 1 - v as it should be for proper mixer operation, an estimate

and —V;., and both transistors are op,(t) andp: () depend o ¢ can be obtained by approximating(t) with a straight
on Vio(t), I, and the |-V characteristics of the transistorg;,e during A

The small-signal current in each branch is determined by
current division, and one can see that 2 (sin(rAfLo)
c SNTEILO)
< TAfLo )

_ 9m1(t) = gma(t) (15) m

(R

(18)
pi(?)

g1 (t) + gma(t N
m(?) + gma(?) where for a sinusoidal LO waveform

where g,,1(¢) and g,,2(t) represent the instantaneous small-
signal transconductances &f1 and A2. According to (14), 7AfLo = arc sin <E> (19)
a signal component(t) of ¢,(¢) is multiplied by the waveform V.

p1(t), and therefore the frequency spectrum of the correspond- o ) . .
ing output is and V, is given by (10). Comparison with the numerically

evaluated value of for a sinusoidal LO waveform shows that

o]

o>
o 1For a similar reason, the results that the conversion gain to even-order
Y’”(f) - Z Pin- X(f - nfLO) (16) sidebands is zero and that the strong signal output component contains only
n=—o0 odd-order harmonics of the LO frequency also hold at high frequencies.
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0.7 ‘ can depend on bias, and can be affected by hot electron
: phenomena [9]-[14.
In the following analysis we will calculate the time-average
noise at the output of the mixer, and based on that we will
evaluate the noise figure.

A. Noise from the Driver Stage

Consider the noise componed(t) of i,(¢) in Fig. 2. This
is considered to be WSS with PS®,3(f) and can represent
noise generated i3 or noise present at the input of the
mixer and amplified byl 3. The output noise component that
nz(t) contributes

yn3(t) = n3(t) - p1(t) (21)

is cyclostationary, and its time-average PSD is

Fig. 4. Numerically evaluated conversion gain of the switching pair
o>

2= > Ipral*Sna(f — nfro). (22)

(18) is a good approximation for low valuesigf, introducing
error below 1 dB ifl/, < 0.7. It overestimates for higher Assuming thatns(t) is white over the bandwidth of interest,
values ofU,, introducing error below 2 dB i/, < 1.6 and S,3(f) equalsN,s, a constant, and
below 3.5 dB ifU, < 3.2. -

It .is easy t'o observe that the convgrsion gairl of the Gilt_)ert S (f) = Nps - Z |p17n|2 — aN,; (23)
cell is also given by (17). If degeneration or an input matching
network is used, the transconductance of the driver stage is not
gm3 but can be calculated with linear circuit techniques andhere
multiplied with ¢ to provide the conversion gain. oo , 1 Tio )

a= > Ipnl" =7 | m@d (@4

n=—oo

n=—oo

V. NOISE ANALYSIS

There are two reasons why the noise generated in a mi>i<serthe power of waveformp, (). Equations (23) and (24) can

has periodically time-varying statistics. First, the operati %e used to find the noise contribution to the output without

n . )
point of the devices changes periodically with time. Secon I}:loa:slzlrjg:nepﬂ(é)n;it;cl)i&;ze I(_t()) :ﬁgg’g{?e sraagcﬁlzlat?:(\e/\./ave-
the processing of the signal from the point at which noise %'s . P1 o .

enerated to the output can be periodically time-varying [6] rm, and its powera approaches one. It is interesting to
g o o . . examine the contribution of every individual sideband in the
random process whose statistics are periodic functions of time

is called cyclostationary, and a complete description of suc;%se of a square waveform. Noise frgfito = four, With fout

) ) ,
process requires a time-varying power spectral density (P ing the output frequency, accounts for 81% of the noise

o . ; transferred to the output, frolf1.o £+ four for 9% and from
S(f,t) [17]. This is different from the wide sense statlonar%” higher order sidebr;nds tog}fét%er Lifort 10% Igara e
(WSS) noise generated by a linear time-invariant circuit. . ; i : net
valuated numerically and given in Fig. 5 as a function of

Consider a device that with a fixed operating point producegs

shot or thermal white noise. It can be shown [18] that if th r?uggi:;gﬁltzé)e%vg:/a;;;"esﬁiI;?d tg?hearggrl]'\t;ﬁ;g;’ fgirn of
operating point changes with time, the resulting noise is st ) y Y

white, with a time-varying PSD given by the same formulObe,[aisr\]’é';cElng1 p?!)fi’n:;ti‘r? >1/”3;Ni’°t‘£ ;i'rr;atﬁt I1it(r)1r: dm be
as for the time-invariant case if we replace the value of the Y app 0. (t) 9 %

fixed resistor with the time-varying one for thermal noise and a=1-%(Afio) (25)
the value of the fixed current across the p-n junction by the
time-varying one for the shot noise. where for a sinusoidal LO waveforma f;.o can be obtained
We will use the fact that the PSD of the drain current therm&lom (19). Comparison with the numerically computed value
noise generated by a MOS transistor in saturation is of « in the case of a sinusoidal LO waveform shows that (25)
introduces error smaller than 25%f, < 0.8. It overestimates
i =4kT~gm, (20) 2In the literature the drain current noise PSD in saturation is usually
Af given byiZ /Af = 4kTv' gq,, Where gy, is the small-signal drain-source

conductance, for the sam&;s and Vps = 0 [10]-[14]. For long channel

where g,,, is the gate transconductanck,is Boltzmann’s devicesg.. = g4, and (20) results, withy = 5 = 2/3. For short channel
is th bsol ds 2/3 for | devicesy’ becomes a function of bias and is higher than 2/3. Therefore (20)
constantI” is the absolute temperature, an 0rlong-  yesuits again withy = ~ - (940/9m) >2/3, a different function of bias than

channel transistors but can be higher for short channel devicgs,
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Fig. 5. Numerically evaluated average powenf waveformp; (¢). } t
o by less than 50% it/, < 1.6 and by less than 85% if, < Fig. 6. Time-varying transconductance of the switching pair and time-
3.2. varying PSD of the generated thermal noise.

For the single-balanced mixer, assuming th&t; consists
of the thermal noise of\/3, the input source resistande,,
and the polysilicon gate resistaneg;, the noise transferre
to the output is

Z3(f) = a-4kT <Rs + 793 + g’Y >.972n3 (26)
m3
while for the Gilbert cell

2
S¢ =oa-4kT| R, + 27, + —) 2 s 27 .
,,36(f) < g3 rygrni% 9m3 ( ) G(t) —9 Im1l - Gm?2 (30)

If resistive degeneration is used, the noise at the output gmi + gm2
of the driver stage is white and (23) applies. If inductivés the small-signal transconductance of the whole differential
degeneration or an impedance matching network is used, g¥r, from Vio to I,;. This time-varying PSD is flat in
gain of the driver stage is frequency dependent. The PSDfedquency since it represents white noise and is shown in
the noise at the output of the driver stage at the frequencigig. 6. The peak ofS2,,(f,t) appears forVio = 0 and
of interest—L.o £ fout, 3/Lo % four, €1C.—Can be calculatedis independent of the LO amplitude. The higher the LO
with linear circuit techniques, and the output noisgat can amplitude, the smaller the time interval and the lower the
be calculated from (22). Because of the frequency selectingise contribution to the output. From (29), we obtain the
gain of the driver stage, possibly only a few sidebands negghe-average PSD at the output
to be taken into account.

d Since the sum of; and I, equalsis, the amplitude of the
noise component at the outply; is twice that at/;, and the
corresponding output noise PSD is

Im1l - Gm?2
° ) = 16K Ty| ————— ) = 8kTvG(t 29
() = 10K ( 2202 ) _giat) - (29)

where

1 [To _
Zu(f)=8kT’v<T— /0 G(t) dt) =8kT~G (31)

B. Thermal Noise Generated in the Switching Pair Lo

We consider now thermal noise generateddin andM 2 in _. i _ )
Fig. 2, assuming that they remain in saturation during the pdffere is the time average af(¢). This expression can be

of the period that they are on. Neglecting capacitive effectSed to calculateiy, ,(f) without any assumptions about the
and the output conductance of the transistors, whéh or LO waveform or amplitude. However, the LO amplitude is

M?2 is off, the output current is determined by and the usually large, and a further simplification is possible. Assum-
switching pair does not contribute to the output noise. For tHf&d SinusoidalVi.o and changing the variable of integration
reason, when the LO amplitude is high, the noise contributidf®m ¢ t© Vio, we obtain

of the switching pair is usually lower than that of the driver 1 Vi 1

stage. During the time intervah, both M1 and M2 are on G=—~ / G(Vio) = dVio.  (32)
and contribute to the output noise. The instantaneous noise o J-v. 1= (Vio/Vo)

PSD at/; is If the LO amplitudeV, is high, in the interval of integration

Vi.o is much smaller thai, and1/y/1 — (Vio/V,)? = 1. In

2
1 gml 1 m2 )
4K~ — —————— ) + — [ — = i i — ;
vy <gml <1 +gml/ng> T <1 ¥ gma/ g this case, sinc&(Vip) = di,1/dVio, (32) provides

,9 9 2 Vi

mi_Jm 28 ol l 2_[]:)'

4 . l _ . G dl V .

k < " 7712) ( ) o \/La_ <dV O) © 7 VO ( )




TERROVITIS AND MEYER: NOISE IN CURRENT-COMMUTATING CMOS MIXERS 77

G A 21

(log scale) | - > v~
o]

»
o

o
(log scale)

Fig. 7. Time-average transconductance of the switching @airersus LO
amplitude.

From (31) and (33), we obtain the contribution of the switching i 07 16'2 o 1 10
pair to the output noise s

o . 16kT~ Ip 34 Fig. 8. Numerically evaluated time-average transconductance of the switch-
n12(f) - : V ( ) ing pair G.
o]

™

A sinusoidal LO signal was assumed above, but such a
restriction is not necessary. A relation similar to (33) capomponent. It is inaccurate to time-average its PSD and use it
be obtained directly from the definition @, only with the as if it were a WSS process, since the time-varying processing
assumption of linear dependencelgf, in ¢ during the time of this signal by the mixer tracks exactly the time variation of

interval A, with slope A the noise statistics. Except for the case of white cyclostationary
o 4 I noise where time dependence of the PSD can be incorporated
G=r-— (35) into the system [6], the treatment of such a problem is

_ _ Tio A complicated and is described in [17]. Below we will consider

For a sinusoidal LO waveformd = 27V, /Tio and (33) the simplified case at which the noise present at the LO port is
results. Notice that no assumption was made about the Ispationary. The results also apply to intrinsic noisel6t and
characteristics of the transistors and that (33)—(35) are indepgjs \which can be modeled with a time-invariant stationary
dent of the transistor dimensions. These expressions, with o|tage-noise source in series with the gates, such as thermal
1/2, can also be used for the time-average transconductafggse of the gate resistances and flicker noise discussed in
and the collector shot noise of a bipolar switching pair.  gection V-E.

We observe that the PSD at the output is proportional to theyye assume that the LO voltage has a noise component
bias current/z and inversely proportional to the zero crossingLO(t)_ This contributes output noise
slope of V1.o. As can be seen in (32), if for moderaté,
the slope ofl1,o(¢) (proportional to\/1 — (V.o /V,)?) drops ynro(t) = G(t)nro(t) (36)
close to the ends of\, (33)—(35) slightly underestimate the
output noise. For smalleV,, G and S5,,(f) approach the where G(t) is the time-varying transconductance of the
values that correspond to the fixed operating poiritigf = 0, switching pair defined in (30). Ifnro(t) is WSS with
and the above expressions overestimate the output noR8D S,.1.o(f).y.ro(t) is a cyclostationary process with
as demonstrated in Fig. 7. A graph ¢#/K,;)G evaluated time-average PSD
numerically as a function of/z and U/, is given in Fig. 8
for a sinusoidal LO waveform. Comparison of the prediction o
of (33) with the computed value off for a sinusoidal LO wo(f) = Y |Gal*Suro(f = nfro)
waveform shows that i/, > V., then (33) underestimates e

by less than 25% for all the values 6f, shown in Fig. 8, where@,, are the Fourier coefficients of the wavefor@{z).
with the error growing a$/, approached’,. The output noise nLo(t) is also white with PSDS,10(f) = Nio, the
contribution of the two switching pairs of a Gilbert cell isygise contribution to the output becomes

twice that calculated for the single-balanced mixer.

oo

37)

Lacking a commonly accepted expressionfas a function ) g 2
of bias, a fixed value was used above. In practice, the equations ~ SnLo(f) = Nio- Y [Ga>=G?-No  (38)
derived in this section can be used with the valuey givhich n=—0o

corresponds to the bias condition &, = 0. This is a
reasonable approximation since the devices of the switching

pair contribute the most noise for zero LO voltage. _ 1 Tro
G?=|— / G(t)? dt |. (39)
: Tro Jo
C. Noise from the LO Port

Since the LO is a periodically time-varying circuit it is With some manipulation, it can be shown that for LO
possible that the noise at its output contains a cyclostationamplitude fairly larger thanV, and square law equations
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and for the Gilbert cell is

107!

(NF)ssg

_ 1
2(73 + 7)g3grn3)grn3a + 4’71G + 47)g1 G2 + =

Iy
= 44
* 62 g, 72713 RS ( )

where the quantitiesy, c, G, G2 are evaluated with the bias
current of each switching pair and the symbeglsand~s have
been used for the noise factgrof M1 and M 3, respectively.
! ! If a band-pass filter is used at the input (which filters out
107 3 1 noise from the source resistor at frequencies outside the input
signal band), the termy/c? in (43) and (44) becomes one. If
the useful signal is present in both sidebands around the LO
Fig. 9._ Numeri_cally evaluated time-average square transconductance Of#}ij‘quency, the double-sideband noise figure is the appropriate
switching pair G2 noise performance metric. For the single-balanced mixer and
the Gilbert cell, this is half of the SSB noise figure given by
(0 =0 (43) and (44), respectively. As in the SSB case, if a band-pass
1/2-.3/2 1/2-.3/2 filter is used at the input to reject noise from the source resistor
G2 = 16<M _ 1) . ﬂ — 4.64- ﬂ at frequencies outside the two input signal bands, the first term
V2 3 Alio Alio a/(2¢?) becomes one. Comparing the above equations and
(40) neglecting the noise from the LO port, we observe that for

h . bef h ) | | equal conversion gain, the double-balanced structure consumes
where\ 'SQEE efore the £Ero Crossing s opg‘/@b(t)_. Aplot yice the power of the single-balanced one and has a higher
of (#/K1)°G* as a function of the normalized bias currenf, .. figure

Jp and LO amplitudel/,, calculated numerically from (39),
is shown in Fig. 9, assuming a sinusoidal LO waveform. )
Comparison of this computed value with the prediction of (4d3- Flicker-Noise Effects
derived for square-law equations shows that¥for- V.., (40) In the above analysis, the effect of flicker noise was ne-
introduces error lower than 25% &f, < 0.8. It overestimates glected, but if the system employs direct conversion this can
G? by less than 50% it/, < 1.6 and less than 90%1f, < 3.2. be a limiting factor. Flicker noise from the driver stage appears

For the single-balanced mixer, the white nalégo consists at the output around;.o and all the odd-order harmonics,
of the noise floor of the LO output spectrum, represented kjnce, as discussed in Section I¥,(¢) has only odd-order
an equivalent noise resistanég.o, and the thermal noise of frequency components. If the PSD of flicker noise is known at
the polysilicon gate resistaneg; of the transistors the output of the driver stage, the PSD at the output argiynd

o s can be easily found from (22), since the conversion gain of the
Snrolf) = AR (Rro + 2rg )G (41) switching pairc = |p 1| has been calculated in Section IV.
The noise floor of the LO can significantly increase the noise To estimate the flicker-noise contribution from the switching
figure of the mixer, and filters can be used to limit its effecpair, we need to know the flicker-noise behavior of MOS
In a Gilbert cell, the external noise present at the LO port #vices with time-varying operating point. Assuming that a
rejected, and only the gate resistances contribute noise  usual time-invariant flicker-noise voltage source in series with

R B = the gate is an appropriate model, from (36) this noise is
Sirolf) = 4RI (dre)G2. (42)  transferred to the output by multiplication wit¥(¢). It is

easy to see in Fig. 6 that the period 6¢) is T1.0/2, and
therefore it contains only even-order harmonics of the LO

Having calculated the noise contribution from the variousequency. This means that flicker noise from the switching
sources to the output, the noise figure of the mixer can pair will appear at the output around dc but not aroyid.
estimated. Consider that the load introduces output noidéye PSD of the noise contribution of each transistor to the
which can be represented by an equivalent noise resistanc#put around dc can be easily found from (37) sid&gis
R;. The single-sideband (SSB) noise figure for the singl¢he time-average transconductance of the switching @Gair
balanced mixer is as shown in (43) at the bottom of the pagehich has been calculated in Section V-B.

D. Mixer Noise Figure

— — 1
@ (’73 + 7’g3gm,3)gm,304 + 2’}/1G + (RLO + 27’!]1)G2 =+ R—

NF)sgps = — L 43
( )SSB 2 + cggrgngRS ( )
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Fig. 10. Measurement setup of a single-balanced mixer. Qubic2 MOS transistor.

load of Fig. 10, which was affected by the parasitics, this was

VI. MEASUREMENTS used as a load of the linear amplifier, and the gain and noise-
The SSB noise figure of a single-balanced mixer shown flgure measurements were r_epeategl. A seco_nd estimate for
Fig. 10, fabricated in the Philips Qubic2 process, with minvas obtained, which essent_lally comm_ded with the previous
mum drawn length 0.8,, was measured at low frequencies(.)ne‘ The eﬁeqt of gate_res!stance noise [16] was removed,
The drains ofA/1 and M2 were brought off chip. No attempt and the result IS shown in Fig. 11. Rargmeiawas found tq
was made to optimize its performance, the goal being pend on the bias current, but not significantly on the drain or
compare predictions with measurements. No input matchi dy voltage, and_ therefore this measured value/_wbrsus
was used that would improve conversion gain and lower t S c_urrent _densny was also used for the transistors of the
noise figure. The measurements were taken with the noig&f'mhmg pair.
figure meter HP8970A [15]. The 1-V curve of M3 was measured, and the parameters

— —1 _ 2 H
Baluns with a center tap were used to transform the diffe@—_ 0.669 V=" and K = 7.97 mA/V® were extracted with

ential output signal to single ended and the single-ended 1yrve _f'tt'ng' These _values were used to calculate the_ bias
signal to differential. The serieB,~C; trap was used to null condition and small-signal transconductances of the transistors.

the strong LO component at the output, which could satura'%(f,\’r the transistors of the switching pair, the vaIuewfhat_
the noise-figure-meter input and drivif1 and M2 to the corresponds to zero LO voltage was used. The predicted

triode region. A band-pass filter reduced the noise floor of t?:gomputed numerically) and measured values for the noise

LO signal. Care was taken to avoid introducing noise fro jure and conversion gain are shown_ in Fig. 12’.”.] which
the bias circuit. airly good agreement is observed. It is worth noticing that

The noise-figure meter measures its own noise figure wfﬂ?. i i .
a 5042 source impedance during calibration and uses thj ISe flgure appears forllower current than the optlmgm gan.
measurement to extract the noise figure of the device under t ?d'dtllscrepagcy IS rgamlt)f[ .Ee(t:agsf cifh th? ctor;;]/etrs?;n ?_ac')n
(DUT). Therefore, the output impedance of the DUT must aiggeciction and can be atiributed 1o ihe fact that the

be matched to 5@, and inductotL., and resistorz, were used gmplltude applied to the switching pair can be estimated but

for this purpose. The board and balun parasitics significanﬁl not exactly known because OT the losses in the band-pass
affect the behavior of the output load. It was measured that t éer, the. balun, and the cpn.nectlons, and also to the fact that
trap resonance frequency is 72 MHz, used as LO frequen(t,@e transistor model used is inaccurate for low current dgnsny.
and that an output parall&iLCresonance appears at 19 MHz We will now elaborate on the calculation of the noise figure

used as IF, with an impedance close to @Cacross the 4- for one point of Fig. 12, namely, for, =1V and I = 5.6

MHz bandwidth that HP8970A measures noise. The OUtPS%’ V\S/h't%r; csrrr?qze_ocr;(ljls t(;orsqaxT;lém g?ngeé?(:ﬁegalg}gﬁzltzrls
impedance ofA/1 and A£2 is high in the bias condition of W umerically pu val P

Fig. 10 and does not significantly affect the output impedanﬁ}geded in the .evaluatlon of the noise figure, together \.N'th
of the circuit. e value resulting from approximate closed-form expressions

During the measurements, the need to characterize indivﬁjde-r.lv.ed in this paper. Table I.I S.hOWS the contnbt_mon of
glwdual components of the circuit to the output noise.

ual components of the circuit arose. By connecting the gate'B
M2 to ground and the gate d¥/1 to a fixed bias, a cascode

linear amplifier was formed. Its gain and noise figure were
measured with a 5@ ac load at 19 MHz, ang,,, and~ of A/3 To estimate the frequency range of validity of this noise
as a function of bias were extracted. To characterize the outpmnlysis, it is necessary to consider the most significant of

cause of the noise of the switching pair, the optimum

VIl. UPPERFREQUENCY LIMIT OF THE ANALYSIS
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PARAMETERS USED IN THE CALCULATION OF NOISE FIGIQEBIF_ER ITHEMIXER oFFic. 10.V, =1V AND Ig = 5.6 mA
Parameter | Numerically Evaluated | Closed-form Expression
c 0.539 0.570 from (18), V,=0.722V

a 0.590 0.658 from (25)

G 3.84 (mA/V) 3.57 (mA/V) from (33)

pay) 32.7 (mA/V)? 39.1 (mA/V)? from (40)

TABLE 1l
Noise CONTRIBUTION FROM INDIVIDUAL COMPONENTS OF THEMIXER OF FIG. 10.V,, = 1 V AND Ig = 5.6 mA
Noise Contributors Additional Information | Output Noise Power (p A2/Hz)

R=50Q gm3=7.98mA/V 15.2
R =276Q 59.6
M3, r53=3.3Q Y3=1.72 135.6
M1-M2 v1=1.36 (for Vi 5=0) 172.1
Ry =502, 141 =ry=0.6£2 34.1

NF (dB)
I; (mA)

-0.5 . : : .
Ig (mA) 0 0.2 0.4 0.6 0.8 1

Fig. 13. Simulated drain current gf/1 of the mixer of Fig. 10 over one
LO period, for three different LO amplitudes, and LO frequencies given by
(45) with £; = 0.3. The bias current idg = 2.3 mA.

capacitance from the common source node to the ground,
consisting of the source-body capacitancesi6f and M2
and the drain-body capacitance &f3.

For this analysis to hold, reactive effects must not signifi-
cantly alter the periodically varying operating point considered
in Section Ill. It is shown in the Appendix that assuming
a sinusoidal LO waveform and dc common LO voltage, an
approximate upper LO frequency limit for this to hold is

Conversion Gain (dB)

T f oo I
20 o (mA) 10 fLoL = &1 ?/ (45)
5 2r(C1 + C2 + Cy) 70 — (Vgs1 — Vigs0)

Fig. 12. Measured (dots) and predicted (solid line) noise figure and conver-

sion gain of the single-balanced mixer of Fig. 10 versus bias current. wheree, is a small number (e.g., 0.2 or 0.%51 and Vgso

are the low-frequency gate-source voltagf for peak and
the transistor capacitances. L@t and C, represent the gate- zero LO voltage, respectively, and the sum of the capacitances
source capacitances éf 1 and A/2 and C, denote the total is evaluated for zero LO voltage. It is interesting to observe
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that high LO amplitude lowers this limit. Simulation with 54 e S —
SpectreRF shows that (45) correctly predicts the LO frequency, | ... . .. L L Lo
at which the operating point departs from the low-frequency AR A
behavior. Fig. 13 shows simulation results for the drain current2o|............. /. .. /..
of transistorM 1 of the mixer of Fig. 10, forlg = 2.3 mA, "
and for three different LO amplitudes, at the LO frequency

Jfro1 (e1 = 0.3). The sum of the three capacitances wa¥ 1s
estimated from the available SPICE model to be 0.936 pE.
To avoid reactive effects at the output, the drains\6f and J 1
M2 were connected directly to the positive supply. In the 12
three cases we observe approximately equal overshoot above
2.3 mA, which is the peak value af at low frequencies, T TS T ‘
and therefore about equal deviation from the corresponding s L L 1 .16

--- Conversion Gain (dB)

10M 100M 1G
low-frequency waveforms. fi o (Hz)
In addition, the small-signal conductance represented by the @

capacitorsCy, C5, and C, must be much lower than the sum
of the conductanceg,,; andg,,». Otherwise, the signal is lost
in these capacitors, while the switching pair contributes noises
even if one of the transistors is off. For a down-conversion =
mixer in which the signal and the image frequencies are closeZ
to fLo, a second approximate upper LO frequency limit is

Contribut

fLO — (grnl + grn?)
PTG+ Cr+ Oy

where the sums of the capacitances and the conductances al
considered constant and equal to their valuesWigs(t) = 0
ande, is again a small number (e.g., 0.2).

Simulation shows that for LO frequency belofyo., the
conversion gain and the noise figure are not significantly = o1l Lol 15&\4 T
deteriorated by the change in operating point that occurs after fL (Hz)
fro1 and that in some cases they improve. Hpp higher )
than fro2, the conversion gain and noise figure graduall¥, o , _ e _

ig. 14. (a) Noise figure and conversion gain and (b) switching pair output

degrade_. Fig. :_1-4 Sh(_)WS _S'mUIat'on reS_UItS Verﬁw er the noise contribution versus frequency for the mixer of Fig. 10. Frequencies
conversion gain, noise figure, and noise contribution of thigo; (X) with &1 = 0.3 and fr.0- (diamonds) with=2 = 0.2 are shown.

switching pair of the mixer of Fig. 10 for three different LO

amplitudes, together with the frequencigor (e1 = 0.3) ,1ovided that the LO amplitude and the size of the transistors
and fro2 (e2 = 0.2). The bias current is 2.3 mA, the inputy¢ 1o switching pair are such that complete commutation is
§|gnal freq”e”CY 'ﬂ'_lfLO' and_ the output s_lgna_l frequencyperformed. As seen from (45) and (46), the use of high current
is 0.1fro. For simplicity, the filters shown in Fig. 10 were iy, causes reactive effects to appear at higher frequencies.

not included in simulation. Ideal baluns where employed anéeLarge LO amplitude increases the conversion gain and

the output stage consisted only of the balun. Since the outpyfy e the noise contribution of the switching pair and the LO
is obtained at low frequenues, reactive effects at the OUtYR Atter a certain value, the conversion gain of the switching
do not affect the conversion gain. _We observe t_hat_for Iar_ 3ir reaches its maximum val@gr, the noise contribution of

LO amp“tUde’ the noise CO_””'b!J“O” of the svyltchmg Palfe switching pair becomes negligible, and further increase
does increase aftefi.o1, but in this case the switching pairyoes not reduce the noise figure considerably. Large LO

IS a minor contributor to the noise f'gure' W,h'ch remalr‘ﬁmplitude also allows operation at higher frequencies because
approximately constant up tf.0. The slight noise Incre""Secomplete current commutation can then be achieved with

at _lOW frequencies is caused by flicker noise of the SW'mh'rbgfnall—channel-width devices operating at high current density.
pair converted to baseband. Increasing the channel width df/1 and M2 is desirable
up to the point that for the given LO amplitudeapproaches
2/7 and (34) and (40) hold. Further increase does not reduce
A systematic study of the noise-generating mechanismstire noise introduced by the switching pair as shown in (34),
current commutating CMOS mixers has been completed, amad it even increases the noise coming from the LO port as
analytical expressions for important parameters have besen in (40). In addition, it introduces higher capacitances,
derived. We can now comment on the effect of the desigvhich cause high-frequency deterioration in performance and
parameters on the noise performance. represent a larger load for the LO. Increasing the channel width
High bias current improves the driver-stage transconduaf A3 is desirable because this increaggs and therefore
tance and therefore the conversion gain and noise figutiege conversion gain and reduces the noise figure. However,

(46)

M1-M2 Outpig Noise

VIIl. CONCLUSIONS



782 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 34, NO. 6, JUNE 1999

large channel width of\/3 introduces parasitic capacitanceCapacitance<’;,C-, and C, are voltage dependent, but we

which can degrade the performance at high frequencies amil make the approximation that their sum is constant and

can represent a large load for the circuit driving the mixer. equal to its value folo = 0. From (51), for low-frequency
Minimum channel length is preferred for the switching paibehavior to hold, it must be

because increasing this reduces the conversion gain. Longer

channel length requires larger channel width for operation dv.

with similar LO amplitude and bias current, which introduces (CL+ Cy+Cy) dts < Ip (55)

higher parasitic capacitances. Minimum channel length is also

appropriate for the driver stage since this maximizes the driver-

stage transconductance. However, for longer channel deviaesd using (54), (45) results.

the noise factory of the transistors is closer to the ideal value

of 2/3. Without an expression of as a function of channel

length, it is difficult to quantify this benefit.
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We derive here a limit for the frequency-independerji
operating-point assumption used in the analysis. The hi
frequency, large-signal equation for the switching pair is
dVi dVa dVis

% %“rcb(vbs)w (47)

where Vi,V5, 1, are the voltages across capacitors
C1,Cs, Cy, respectively. We assume that the LO commoni1] J. C. Rudell, J. J. Ou, T. B. Cho, G. Chien, F. Brianti, J. A. Weldon, and

: : : P. R. Gray, “A 1.9 GHz wide-band IF double conversion CMOS receiver
voltage is constant with time and equaIWonc. The voltages for cordless telephone applicationdEEE J. Solid-State Circuitsvol.

Ip = L+L+C (V1) +C(Va)
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