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Noise in RF-CMOS Mixers: A Simple
Physical Model

Hooman Darabi and Asad A. Abidrellow, IEEE

Abstract—Flicker noise in the mixer of a zero- or low-interme- #  Dilferentinl Culpsi
diate frequency (IF) wireless receiver can compromise overall re-
ceiver sensitivity. A qualitative physical model has been developed
to explain the mechanisms responsible for flicker noise in mixers. L ABini

. . . #hi UL
The model simply explains how frequency translations take place — o |
within a mixer. Although developed to explain flicker noise, the
model predicts white noise as well. Simple equations are derived —Fh-H ol
to estimate the flicker and white noise at the output of a switching
active mixer. Measurements and simulations validate the accuracy # —'E::I—t El |:| |-|
LLT e
= —

of the predictions, and the dependence of mixer noise on local 0s-
cillator (LO) amplitude and other circuit parameters.

Index Terms—Active mixers, CMOS integrated circuits, com- ) o ] ) ) )
munication systems, integrated circuits, mixers, mixer noise, noise, Fig. 1. A typical switching active mixer with noise source shown at the
nonlinear circuits, receivers. transconductor input.

I. INTRODUCTION believe it should be as simple to estimate and optimize noise

) ) ) figure in mixers as it is in amplifiers.
N THE course of design of a CMOS mixer, it was found

that flicker (L/f) noise appears at its output even though
the resistor loads are free of flicker noise. This is unexpected, IIl. L ow-FREQUENCYNOISE IN A MIXER

because at first glance one expects flicker noise in the inputan active mixer comprises an input transconductance,
stage transistors and mixer switches to translate in frequengyitches, and an output load. Noise is present in all the transis-
There are important repercussions in a direct-conversiits making up these functions. First the noise contribution of
receiver [1], where the signal downconverts to baseband affge |oads and transconductance FET’s is described, followed by
only minimal amplification at radio-frequency (RF). Mixeff  the noise contribution of the switches. Frequency translation of
noise degrades signal-to-noise ratio (SNR), and as a conggise is dealt with approximately, using a simple analysis and

quence the overall noise figure of the receiver suffers. By usigga|itative reasoning. More accurate analytic [3] and numerical
a modulation such as wideband FSK, it is sometimes possilpl¢ methods have been presented elsewhere.

to position the downconverted signal beyond the flicker noise
corner [2]. However, there is noroomto do soina narrowbar)g Load Noise

communication system such as FLEX used for wireless paging, ) ) o
where adjacent channels are only 25 kHz apart. In a zero-IF receiver, flicker noise in the loads of the down-

This paper describes the processes whereby flicker noise 8paversion mixer competes with the signal [5]. This noise may
pears at the output of a CMOS downconversion mixer. Somfee lowered in one of many ways. PMOSFET's show lower
times the noise is so large that it disqualifies the mixer for udcker noise [6], [7], ascribed to buried channel behavior,
in a direct-conversion receiver. In investigating these processedmpared to NMOSFET's of the same dimensions. Therefore,
a simple, qualitative model of noise in mixers has been dev&IMOS loads may be used. Otherwise at the expense of some
oped whose predictions agree very well with sophisticated si¥Rltage headroom the mixer may be loaded with polysilicon
ulations of mixer noise, and with measurements. The modell®Sistors, which are free of flicker noise.
extended to white noise. Straightforward equations capture the
noise (both flicker and white) originating in different parts of th&. Transconductance Noise

mixer. The main contribution of this work is to demystify mixer o prototype CMOS transconductance mixer is shown in

noise, which is so far dealt with in the literature using either e¥g 1. Noise in the lower transconductance FET’s accompanies

haustive analyzes or specially developed simulation tools. W& RE input signal, and is translated in frequency just like the
signal is. Therefore, flicker noise in these FET’s is upconverted
towro and to its odd harmonics, while white noise.at, (and

Manuscript received January 27, 1999; revised September 8,1999. 5 odd harmonics) is translated to DC. If the output of interest
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Fig. 2. Single-balanced mixer with switch noise modeled at gate.
Currents at Mixer Output

- — +l
1
‘. ol —| »Time

+ I Perioltv
+
Noise Pulses
I )
+— | c ‘ > Time
<<A Vid At '
| =l

Approximate Model of Noise Pulses

Fig. 3. Assumed switcti—V" characteristic. (21/9)8(1) - Sampling
2 Impulse Train
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frequency of these devices is usually much lower than the L Noisa v
n

frequency. ®)
Due to mismatches in the switching transistor quad, a small

amount of the flicker noise in the transconductance FET'’s cﬁﬁ'sgl'es

appear at the loads. This is dealt with at the end Section II-C.

(a) Switch input voltage and (b) mixer output current decomposed into
s response and pulse of noise.

. . . half period, the current switches to the right branch. Thus, the
C. Direct Switch Noise output is a square-wave at frequencygf, with zero DC value.
Without loss of generality, consider the single-balanced mixe0 feedthrough is a characteristic of single-balanced mixers.
in Fig. 2. The bias current in the switch FET's M1 and M2 is Next, include noise. The slowly varying, modulates the
periodic at a frequenayr.o. Flicker noise arises from traps withtime at which the pair M1, M2 switches [Fig. 4(a)]. At every
much longer time constants than the typical period of oscillatigitching event the skew in switching instant modulates the dif-
at RF, and it may be assumed that thee-aveage inversion ferential current waveform at the mixer output. Although the
layer charge in the channel determines the root mean squagight of the square-wave signal at the output remains con-
(rms) flicker fluctuations. These charge fluctuations are referrgeéhnt, noise advances or retards time of zero-crossing by
as a voltage to the gate of one FET in the differential pair witht = V,,(¢)/S, where S is the slope of the LO voltage at
a constant rms value and a spectral density proportionigl fo the switching time [Fig. 4(a)]. Now the waveform at the mixer
(V- in Fig. 2). This equivalent voltage is like a slowly varyingoutput consists of a square-wave of frequengy, and am-
offset voltage associated with differential pair. It should be notgglitude I, representing the LO feedthrough, superposed with a
that based on the carrier-density fluctuation model, the inppiilse train of random widthAt¢ and amplitude oI at a fre-
referred flicker noise of MOSFET's is independent@fs. This  quency oRwr.o, representing noise [Fig. 4(b)]. Over one period
bias independence is experimentally verified in NMOSFETe average value of the output current is
[61, [7]. 2 2 v v,
To further simplify analysis, it is assumed that the circuit i, , = = x 2] x At = = x 2] x =2 =4]—"_
switches sharply, that is, a small differential voltage excursion 7 r r S SxT
(Via) causes the current,(;) to completely switch from one side whereT is the period of LO, equal t@r /wio. This means
of the differential pair to the other side (Fig. 3). that low-frequency noise at the gate of switéh, appears at
Now consider the direct effect of the switch noise at the mixéine outputwithoutfrequency translation, and corrupts a signal
output. The transconductance RF input stage is replaced bgiaavnconverted to zero IF. The zero-crossing modulatist,
current sourcel, at the tail. In the absence of noise, for positivelepends on the low-frequency noidg,, and the LO-voltage
values of LO voltage M1 switches ON and M2 switches OFEJope () at zero-crossing normalized to LO frequengyx 1.
and a current equal tb appears at the left branch. In the nexFor a sine-wave LOS x T =4 14, whereA is the amplitude

1)
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i:,-,"Baaaband 4 o Translated fully commutating mixer from RF input to the differential cur-
flicker noise | ——  flicker noise rent output i2/m - g, the SNR is
) SxT Vi 24 W,
| SNRy = — 2 ~+~ ‘m_ &7 o 5
3%l VT (Vas V0 Ve Ues— ) Ve O

/ where the last term applies to a sinewave LO of amplitude
A. This relationship shows that SNR improves by raising the
product of the slope of the LO waveform at zero-crossing and
; - its period (in the case of a sinewave LO, this amounts to raising
0 ® 2{:'] Fr'eq A); by increasing the gate area of the switch FET’s to lower
LS LO flicker noiseV,,; and by lowering the transconductance FET
over-drive. However, increasing switch gate area or lowering
Fig. 5. Mixer output spectrum in presence of direct noise. Vas — Vi usua"y degrade mixer bandwidth.

The double-balanced mixer (Fig. 1) works in much the same
and a factor of two accounts for the fact thgtis compared to way. The main difference is that there is no LO feedthrough,
a differential LO signal with an amplitude afA. andV,, represents the equivalent noise of four switches in the

It is instructive to examine the complete spectrum of th@ixer.V,, induces a pulse train with the width oft (as defined
mixer output noise. As\t/T" < 1 the pulses are approximatedearlier) and frequency dfwr.o at the mixer output [Fig. 4(b)].
with ideal delta-function impulses of amplitudd At/S at The low-frequency component of this waveform’s spectrum is
twice the LO frequency [Fig. 4(b)]. With this approximationgxactly equal to what was calculated in (1). Therefore, the noise
the spectrum is found by invoking well-known sampling theoryit the output is the same as in (2).
the noise waveform is scaled Ry /S, then impulse-sampled  This analysis also answers the earlier question of how flicker
at a rate of2wro rad/s. The frequency spectrum of basebantbise originating in the transconductance devices leaks through

noise current at the output is switch FET’s unbalanced by an offset. Replace the noise voltage
Al 1 7 V,, with an offset voltageV,,. The mixer output current is now
to.n(f) = ST Vulf)=—- e Vo(f) (2) a square-wave signal afonstant offset in its zero-crossings
aw

V.s/S, whoseheightis modulated by the noisy current,+
where the last term applies to a sinewave LO of amplitdde g, .. V,,, whereV,,; is the input-referred flicker noise of the
Sampled images of this spectrum appear at integer multiplesi@insconductance FET. In this case the output current has a con-
2fLo (Fig. 5). At fLo, the LO feedthrough amplitude is equaktant DC offset equal tol(V,,)/(r - A) and a low-frequency
to 27 /7, which is independent of LO amplitude or switch sizepgise component equal to
but it has no flicker noise sidebands.

If the mixer is used for upconversion, the switches contribute o = S G+ Vi + Vos. (6)
no flicker noise to the output .o, although flicker noise in 7 mA
the transconductance stage is upconverted to this frequencyThis is similar to (2), with! replaced byg,,.V,s. The corre-
Short channel MOSFET's obey the followidgV character- sponding SNR is
istic, which takes into account velocity saturation [8]

- SNRy = — . 22, 7)
I=W,, Corp——0— @3)

Ve + Esar L If it is assumed in comparing (5) and (7) that the noise volt-
wherel is the drain currentl/.; is the transistor gate over-drive@ges are of a similar order of magnitude, theas< Vgs —
voltage Vs — V4), W and L are the transistor channel widthV?, switch-induced noise is much larger than transconductance
and length, respectivelg;,,. is the gate oxide capacitanag,, Stage flicker. noise leaking to the output due to_DC offsets. In
is the saturated velocity, arfl.; is the saturated electric field. 9eneral,Vy,; in (7) can represent any unwanted interference at
Hence, the ratio of the transconductangg )X to its DC bias the mixer input, such as low-frequency noise on the ground line.

current () is . . .
D. Switch Noise: Indirect

Vet
gm _ 2 2
I ‘/eﬂ ‘/eﬂ"i_EsatL.

+ E L The analysis so far suggests that flicker noise at the mixer
(4) output may be eliminated if the LO waveform is a perfect
square-wave with infinite slope at zero crossing ((1)). How-
In long channel transistord.(C> V. /E.qt), gm /I approaches ever, as the LGsloperises, output flicker noise appears via
2/ Ve as predicted by the classic square-law. However, for sharother mechanism that depends on ft€uencyand circuit
channel devices at large over-drive voltaggs,/ approaches capacitance. This is called the “indirect” mechanism.
1/Veg. The short-channel formulas are used from here on. Consider the mixer shown in Fig. 6, with a perfect
These expressions are used to predict the SNR at the migquare-wave applied to the LO port, alternating between
output, which is also an indication of its noise figure. The gawoltagesV; and V. The voltage at the tail of the switching
from the RF input,V,,, depends ol because the input FET pair is V;. In one half cycle of the LO, switch M1 is ON and
transconductance & (Vs — Vi). As the conversion gain of a M2 OFF. Therefore at the gate of transistor M1 a volt&ge
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Fig. 7. Mixer with square-wave LO at each half cycle: (a) first half cycle and

(b) second half cycle. the mixer output. The amount of f noise is the average of the
output current

Lo,n_f/o ico(t) t_T/O pbvs(t)} ‘

! Therefore the output noise current is

Fig. 9. Waveforms resulting from a square-wave LO: (a) voltage at tail, (b)
capacitance current, and (c) output current.

; YH ‘_P—_L

- io,n = %Op <VS <g) - VS(O)> = %Opvn (9)
Fig. 8. Mixer in Fig. 6, replaced with a source follower.
The conversion gain to flicker noise ¥, due to the indirect
is present in series with the noise sourkg, as shown in Fig. Process isZCp)/T". This gain grows with LO frequency, but is
7(a). In the next half cycle, switch M2 is ON and now only th&iSually smaller than the gain due to the direct mechanism ((1)).
DC voltage,Vy, is at the gate [Fig. 7(b)]. Associating all the If the total capacitance at the tail is comparablé’tas of the
noise with one FET's gate correctly captures the differentifRnsconductance stage, then the SNR for indirect noise is given

noise in the switching pair. by
To find the tail voltageV, the hard-switched mixer is thought 9
of as a single source follower continuously connected to the tail Im— Via fr Vi
because of an assumed instantaneous crossover from M1 to M2, SNRs = 57 7r0 a7 e 7 (10)
whose gate voltage alternates between zerdaratound a bias totp e bo Tn
Vy (Fig. 8). where it is assumed that the switched mixer conversion gain is

The voltage at the tail;, is estimated using a linear modelequal to2/. Therefore, the effect of flicker noise at the mixer
becausé/, is much smaller than the LO voltagey, and be- output can be reduced by applying a square-wave LO with sharp
cause the source follower is relatively linear for large signalgansitions and reducing the tail parasitic capacitance, or equiv-
Assuming that the transconductance,js,, the time constant at alently, increasing the unity current gain frequency of the tran-
the source in Fig. 8i€p/gms, which is normally much smaller sistors (). When the junction capacitance of the transconduc-
than the LO period7. As a result, the tail voltage waveformtance stage dominates the total capacitance at the tail, increasing
charges exponentially g, at one half cycle, and discharges tahe size of switches improves the SNR sirie goes down.
zero in the other half cycle, as in Fig. 9(a). However, when the capacitance of the switches dominates, then

This voltage produces the current waveform shown in Fignaking the switches larger degrades the SNR slfces low-

9(b) in the capacitance at the taily>. The capacitive current, ered as the square root, whife reduces linearly with channel

icp has a frequency equal to the LO frequency, with zero Dieéngth. Unlike the direct mechanism, now if the over-drive of
value. Atthe mixer outputin Fig. 6, when M1 is ON the differenthe transconductance stage is reduggeddecreases and SNR

tial currentisic,,, while in the next half cycle, when M2 is ON, degrades.

the output current commutates+ac,,, [Fig. 9(c)]. The output ~ When a sine-wave LO is applied to the mixer, the source fol-
current alternates at twice the LO frequency with non-zero ttmver model of Fig. 8 remains valid with the difference that its
value, which indicates that baseband flicker noise is presenigate voltage consists of the switched noise super-imposed on a
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.}mi ¥ The current produced in the tail capacitance by the recti-
S Lo fied sine-wave, after downconversion by the noisy LO (train of

pulses), has an average value of

At/2
io.n :z X 2 % / Cp {i V,,(t)} dt

l T —(At/2) dt
= 4 At At
e(v(8) - (-2) e
Fig. 10. Indirect mechanism for a sine-wave LO. T 2 2
whereAt is equal toV,,/S, as calculated before, and is the
A =Cplgm=<T rectified sine-wave at tail. This also contributes to the low-fre-

quency noise at the mixer output. Notice the similarity of the
above equation to the one derived for direct noise in Section

V., II-C. If the capacitive current [the terdi, d/dtV,.(¢) in (13)] is
f' h replaced by the constant tail curreft the result is exactly the
0 T L same obtained in (1) for direct noise. After some simplifications
in (13), the low-frequency noise spectrum at the mixer output is
Yot
+ AL . y
ton(f)=—F"7Vo(f) —FT2F——. 14
I" ; ; i i This has the opposite sign to the term arising from the
» square-wave noise, given in (9). The total noise at the output is
— Ll— the sum of the two components, given in (9) and (14)
~Appf 1.0 o o y
o= 2ory, G0l g
Fig. 11. Waveform at switching pair tail due to a sine-wave LO. r Gms T (Cpwro)

Whenwro € gms/Cp, the noise due to indirect mechanism is
full-wave rectified sine-wave with a peak equal to the LO anhegligible for a sine-wave LO. However, it rapidly goes up as
plitude (Fig. 10). The rectified sine-wave captures the action gfe tail capacitance increases. Downconversion of the switched
the alternating source followers; the tail voltage follows the gaffise at the tail by the noisy LO results in a second-order output,
with the larger voltage. Again, the tail voltage wavefo)is  and is neglected.
estimated by superposing two signals, consisting of the expoin most practical situations, then, flicker noise due to a
nentially charging/discharging, [Fig. 9(a)] and a large recti- sine-wave LO is attributable to the direct mechanism, which is
fied sine-wave {;.) whose amplitude is frequencyindependentHowever, even a LO waveform with

infinitely fast risetime and falltime does not eliminate flicker

noise but pushes it down to a level determined by the tail
A =A- Gms (11) capacitance._ln general, LO waveforms with a Iat‘_g9< T _
92,s + (Cowro)? product, that is, a low-frequency LO with sharp transitions will
lower flicker noise.

and whose phase difference with respect to the LO is
I1l. HIGH FREQUENCY NOISE IN A MIXER

Cpuwro
g’rns

A. White Noise in Mixer Switches
) (12)

¢ = atan<

The model developed to understand the origins of flicker
noise at the mixer output is now extended to white noise in the
where A is the LO amplitude ang...s is the switch transcon- switches. Starting with the direct mechanism, the noise current
ductance. Fig. 11 shows the resultant voltage waveform at thethe output [Fig. 12(a)] consists of train of pulses, with a rate
source. of twice the LO frequency, with a height equal2é/S and a

After downconversion, the exponential waveform leads towidth randomly modulated by noise. To simplify analysis, this
noise component at the mixer output as calculated earlier aadapproximated by a train of perfect rectangular pulses with
given in (9). The rectified sine-wave is downconverted by some constant width &, and a height o27/(5.7%), sampling
noisy LO, consisting of a perfectly periodic square-wave artle broadband nois¥,, which fluctuates at rates comparable
a train of pulses at twice the LO frequency, with a height equtal, or greater than the LO frequency [Fig. 12(b)].
to 2 but a width modulated by noise [Fig. 4(b)]. The height of The width of each pulse in Fig. 12(k5, is calculated from
the noisy pulses in Fig. 4(b) &/, since these pulses downconthe I-V characteristic of the switching pair. Fig. 13(a) shows
vert the tail bias current]. a simplified piecewise lineaf-V" curve which approximately
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3 1) ih r . . . . L . .
I Lk Fig. 14. Frequency translations of white noise originating in mixer switches.
sl PR EL L™ o i -
iy which is white and cyclostationarycan be expressed as the
®) product of p (wrot), a periodic and deterministicsampling

function, andV,, thewhite andstationaryswitch input-referred

Fig. 12. (a) Noise current at the output and (b) output noise approximated Ryise [10]. The autocorrelation of the output noise is calculated
a train of pulses sampling the input noise.

as
e Ri, (t+7,6)=p(t) -pt+7) Ry (7).  (18)
() The autocorrelation of white nois&,,,(7), is a delta function.
: _LL' ] "|; However, the output noise autocorrelation is a function of both
- T A t and, which indicates that the output noisenist stationary
ik Gl ) but periodic, proving that the output noise is white and cyclo-
stationary, as expected. The power spectral density is calculated
s * by averaging®;, ., over one period and transforming the result,
il i now only a function ofr, into the frequency domain [10], [11].
27y Lipdty 12 The power spectral density of the output current noise is
-2 T 2 [2IN? 1 .
- 2, == Ytydt-v2==.(=) = -V2 (19
T Zomg | Poavz=7(F) gV ao

Fig. 13. (a) Switching paid-V" curve, (b) the transconductance of theThe ',”pF” noise is white and stationary and its power spectral
switching pair in voltage domain, and (c) transconductance in time domain, density is
applies to any differential pair, independent of the detailed tran- Vi= 4ZT,Y (20)
sistor characteristics. In a well-designed switching mixer the ex- "
cursion AV is usually much smaller than the LO amp|itudeyvherefy is the channel noise factor, traditionally 2/3 for long-
A. The derivative of this characteristic [Fig. 13(b)] gives théhannel MOSFET's, higher in practice due to hot carrier effects
bias dependent transconductance of the switching pair. Fol% (also it lumps other sources of noise in a transistor, such
sinewave LOV;, = 2Asin (wi.ot), which produces a time-pe- @S back-gate noise), and,, is the switch transconductance at
riodic transconductancé&y,,,(t). G,, is then nonzero over the zero-crossing
time windowAV/2A wio = AV/S [Fig. 13(c)]. a7
Switches contribute noise to the mixer output over the time G = N (21)
when they are both ON. If one switch is OFF, it obviously con- . ]
tributes no noise, and neither does the other switch that is ¢i@mbining (19)—(21), the power spectral density of the output
because it acts as a cascode transistor whose tail current is fixdffe€nt noise due to one switch is
to I by the RF input transconductance stage. 4
The sampling window/’;, in Fig. 12(b), is the time when both ST
smtches are ON, thati§, = AV/S. This meansthat the SWItC.hWhen the LO waveform is a sine-wave,= 2Awr.o and then
noise,V,,, is transferred to the output only at each zero-crossing.
The sampling functiony (w1.o¢), can be expressed as

1

2, = 4kTy (22)

2 = 4kayiA (23)
? aw
nT
plwrot) = G <t - 7) (16)  which says that the output noise density of switches only de-
" pends on LO amplitude and the bias current, and not on tran-

whereG,,, is periodic at twice the LO frequency, since there ar@Stor size! . _ . o
two zero-crossings over every cycle of the LO. There is a physical explanation of this surprising result.
The mixer output noise The discrete sampling action at the zero-crossings aliases the

broadband white noise of the switches (Fig. 14). The finite
o, n = P (wLot) - Vu(t) (17) bandwidth of the sampling pulses, determined by the inverse



DARABI AND ABIDI: NOISE IN RF-CMOS MIXERS: A SIMPLE PHYSICAL MODEL 21

where the first term is the white noisewto + wr downcon-
verted by the fundamental of the commutating waveform, the
second term is noise 8o & wir downconverted by the third
harmonic of the LO, whose amplitude is one third of the main
harmonic, and so on. The noise is uncorrelated at each sideband
and frequency, and the various contributions add as the mean
square.

Including noise due to switches and the load, the total white
noise at the mixer output is

Fig. 15. Frequency translations of white noise originating in RF input

. 27 AkT~ (2 ?
transconductor. V2, =8kI'Rp +8/€Tfy%+n X My . <— ngL> (26)
’ ™ Im m

of the time when both switches are dfi, (in Fig. 12), limits \ynich simplifies to

the number of aliases. In fact, the trainfofite pulsesin Fig.

12(b) may be replaced by a trainiaipulseqan ideal sampling Ve o— SETR; <1 I Wﬂ I ,yngL> @27)
function) passed through a filter with a sinc-shape frequency o A 2

response, whose bandwidth is proportional (d;, (the zeros where the first term is due to the two load resist@&s, the

of the sinc will lie at frequencies oV/T;, where N =1, 2, . . .
: . second term is the output noise due to thwe switches, and
3, ...). Thus, with all else the same, as the switches get larger ., . .
e third term shows the noise of the transconductance stage

they turn ON for a shorter time arid decreases, widening the . . . .
. . . . transferred to the mixer output, assuming a conversion gain of
sampling bandwidth. However, as the switch size gets larger étfw

input referred noise density is also lowered. Titegratedrms . . . . .
This equation clearly shows how mixer output noise varies

output noise, therefore, remains constant, as does the equwa\;\%m different circuit parameters, such as LO amplitudk 6r

white noise spectral density. This is similar to the well knowrrhixer DC bias currentl). Mostimportantly, it allows the circuit

integratedk’/C’ voltage noise on a switched capacitor, Whlcﬁesigner to straightforwardly design the mixer to meet a target

is independenof the size of the switch. C o . .
. . .noise figure. In the double-balanced mixer there are twice as
Also, when some other external white and stationary noise g )
. ) . many FET’s in the transconductance stage and the switches, so
source is present at the mixer LO port such as in LO buffert e outout noise is
its effect at the mixer output can be found by adjusting the noise P

factor,~, in (20). Similarly, (17) can be applied to find the influ- ve —sirr (1 2RI
ence of any interferer in the LO port at the mixer output, where on =8 L{1+7

V,, will represent the interferer signal (the interferer should be,

however, small relative to the LO magnitude so that the assunf?€re! is the bias current in each side of the mixer. Now com-

tions remain valid). An interferer at a frequencyfofproduces Pare a_scaled double-bqlanced m.ixer with the same total current
harmonics at the mixer output & 2fi.0 % fi, 4fro =+ f;, ..., 25@ single-balanced mixer (that is, the former is biased at half
sincep (wrot) is periodic at twice the LO frequency. the cu_rrent per branch but the saih_‘}gs_— V, as the latter). Th_e
equations show that the output noise is the same for both mixers.
B. Transconductor Noise and Total Mixer Noise However, since the gain of the double-balanced mixer from the
With the noise due to the switches accounted for, Whglﬁerential inputis half, the inpu.t referred noisg voltgge i.s twice
remains is the contribution of the transconductor stage to mixet large. Referred to a d|ffere.nt|al 10source, 't.s noise figure
output noise. As far as the mixer is concerned, white noié‘c’e3 dB larger than that ofa;mgle-balanced_mlxer referred to a
' Single-ended 5@ source resistance. The main advantage of the

orlg_|nat|ng_ in the transconducto_r is |nd|st|ngwsh_abl_e from th %uble-balanced mixer is that it suppresses LO feedthrough, as
RF input signal. Therefore, as mixer commutatation is assume

square wave-like, the LO frequency and its odd harmonics wife! . :
. . . plied to the mixer. It cannot suppress the uncorrelated noise

downconvert the respective components of white noise to tﬁ] the switches

IF (Fig. 15). After including the mixer conversion gain fr, '

the noise at IF is

+ T9m RL) (28)

Y

C. Mixer Noise Optimization

Ve 4kT (2 R 2 (24) The expression for total noise at the mixer output is expressed
o gm g ImtL in terms of bias quantities by replacigg, for a short channel

i . MOSFET by!/(Vgs — V;), as discussed earlier
The factorn in the last term represents accumulated noise after vI/ (Vs )

aliasing.Any periodic LO waveform, sine-wave or otherwise, 5 RpI RpI
which switches the mixer results in square-wave commutation Voin =8KTR | 147 A + 75 - (29

(Vas — W)
of the transconductance stage output current. Therefore, usinhg h hat th lati . _ f th itch
the well-known harmonic amplitudes of the square-wave This shows that the relative noise contribution of the switches

to the transconductance FET268V;s — V;) /(7 A). As the gate
_9(1 11 72 o5 over-drive bias on the transconductance FET approaches the
n= Tt 52 T )=y (25) sine-wave LO amplitude, the switches, and transconductance

32 4
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Fig. 16. Single-balanced mixer used in simulations. Lo '(lr;m"h-h (V)
a
: |
stage contribute comparable noise at the mixer output. This is sl | (L= EH}IMHI |
the fundamental tradeoff between noise and linearity in active 1 - aim
mixers. e 12 \ —Theory
“Linear” mixers may bias the transconductance FET at @ '
a large over-drive to enhance the linearity, accompanied by 08 \L\L__'
modest LO swing to keep the switch transistors operating in 04
saturation. These conditions boost the relative noise contribu- - 1 1 1
tion of the switches. Also, as the DC voltage drop across the f
load resistor approaches the gate over-drive of the transcon- 02 04 05 OF OF OB
ductance FET, the noise contribution of the load becomes more LO Amplituds (V)
important. )

Simple estimates of mixer noise sometimes neglect the contri-
bution of the switches and load resistors, which underestimaté
noise figure by 2—4 dB. Also ignoring the aliasing of white noise
in the transconductance underestimates noise figure by up to 1
dB [7?/4 compared to 2 in (25)].

17. Gain from noise port to output at: (a) 1 GHz and (b) 250 MHz.

from the noise port to the mixer output is comparable to the gain
due to the direct mechanism [Fig. 17(a)].
IV. VALIDATING THEORY BY SIMULATION The white noise of the switches is also simulated using

To validate this theory a single-balanced mixer, shown in FigPECTRE-RF  periodic  steady-state analysis, which can
16 is simulated using SPECTRE-RF at different LO frequenci@§@lyze noise of nonlinear circuits such as mixers. Fig. 19
and amplitudes. The FET's are described by Philips MOS mod@mpares the simulated output white noise of one switch with
9 parameters for the ST Microelectronics HCMOS?7 process. Riedictions based on (23), at different bias currents and LO
sine-wave voltage with an amplitude of 10 mV and frequen@mphtudes, for the mixer circuit o_f_Flg. 16. The smulated noise
of 2 MHz models the low-frequency flicker noise at the gate ¢f VErY close to predictions. Specifically, (23) predicts that noise
one of the switches{,). The amplitude of the output signal at 2 independent of switch size. To confirm this, mixer noise is

MHz is taken from the FFT of the output signal. The gain frorgimulated versus switch width and the results are plotted in
the noise port to the output is then deduced. Fig. 20. As the width varies from 4.5-18n, corresponding to

The direct noise mechanism is simulated by applying apout 100% variation ir_1 switchy,,, the white noise contributed_
sine-wave LO with different amplitudes and frequenciedy the switch to the mixer output changes only by 15%. This
shown in Fig. 17. Very close agreement is seen between #iggests that switches shoulq be sized no fur_ther .thanllarge
simulations and theory. As predicted by (15), the gain at 1 GI¢#0ugh to turn on and off quickly for good mixer linearity,
and 250 MHz is almost the same. The gain decreases as Qperwise theylower mixer bandW|dt_h and raise the load on the
LO amplitude goes up. At moderate LO swings, the gain frolfQ Puffer without benefit of lower noise.
noise port to the output is almost unity, which means that the
input-referred flicker noise of the switches can severely raise
the mixer’s noise floor at low frequencies.

Indirect noise is simulated by applying a perfect square-waveThe mixer shown in Fig. 21 was fabricated in the ST Micro-
at the LO port. As seen in Fig. 18, simulations again agredectronics 0.25:m CMOS process, and its output noise was
closely with theory. In Fig. 18(a) when the tail capacitance inmeasured. Measurements are now compared with theory and
creases beyond a certain value, the assumptiorthgat,,, < simulations. The flicker noise measurements are at an output
T becomes invalid, and the theoretical curve deviates from tirequency of 2.5 kHz, where the spectrum is cleaply. White
simulated gain. Fig. 18(b) shows that at 1 GHz, the voltage gainise is measured at about 1 MHz, where the spectrum is flat.

V. MEASUREMENT RESULTS
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The factor of two represents the uncorrelated noise of two
switches. The value of{; was initially predicted by scaling
the results of actual flicker noise measurements done at UCLA
[12]. Its exact value in this CMOS process was later extracted
from actual noise measurements. Equation (30) leads to an
input-referred flicker noise power spectral density for two
switches 0f-117.1 dBm/Hz with respect to 5Q, which was
then transferred to the output by the noise gain given in the
plots of Fig. 17.

The output noise was also predicted using the periodic steady-
state (PSS) noise simulation in SPECTRE-RF. The results of the
output noise (with respect to 80) is shown in Fig. 22, for two

Fig. 19. Switch white noise at the mixer output for different LO amplitudeﬁequencies of LO: 1000 and 250 MHz

and bias currents.

The simulations agree very well with theory. The flicker noise
behavior of a mixer can be very simply calculated based on

The input referred flicker noise voltage of the switch FET'$he equations presented here, and from knowledge of the de-

V, is
Vn, rms —
where
Kf =1.2x 10_24;
Wer = 7.8um;
L =0.18um;
Cor = 6.9 fFum?;
f = 2.5 kHz.

K
2 X f

Weff 'Leff y Com ) f

vice characteristics. In all cases, the noise level goes down as
the LO amplitude increases. Measurements also match theory
very well, with the largest discrepancy of 2.5 dB at the highest
amplitude of the LO power. One possible source of this discrep-
ancy is that both theory and Philips MOS 9 models assume that
input-referred flicker noise is independent of bias. Any bias de-
pendence in reality will be most pronounced in the measure-
ments at large LO amplitudes.

Most of the flicker noise at the mixer output originates in the
switches, since the load is free of flicker noise. Also very little
flicker noise in the transconductance FET is expected to leak
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frequencies: (a) LO = 1000 MHz and (b) LO = 250 MHz. Fig. 23. White noise at the mixer output at different bias currents and LO

amplitudes: (a) LO=0.6 Vand (b) LO=1V.

to the output in the measurements as the offset is much smaller
than the biad/zs — V. independent of transistor type, and may be applied to bipolar ac-
The mixer white noise is measured at different bias curreritée mixers.
and LO amplitudes, and compared to the theoretical white noiseSWitches in an active mixer contribute flicker noise to the
at the mixer output predicted by (27), and PSS simulations fixer output in two different ways. One way, labelditect, is
SPECTRE-RF (Fig. 23). Again the measurement results 4hrandom modulation of the time instants of mixer switching.
close to theory. A maximum error of about 1 dB between theomfis contributes flicker noise at or near zero IF. Flicker noise is
and measurements is seen, while the theory and SPECTREl#er with sharper LO transitions relative to LO frequency. In
simulations agree to within a fraction of 1 dB. the extreme case of a square-wave LO waveform with infinite
slope, flicker noise at the mixer output does not disappear but
may remain significant at GHz LO frequencies due to a newly
VI. CONCLUSIONS AND DISCUSSION discoveredndirect mechanism. This noise grows smaller with
lower LO frequency, or with higher devigg- and diminishing
This paper presents a simple but accurate model to predietrasitic capacitances.
flicker and white noise in mixers. By pinpointing the origins Although mixer flicker noise is only practically important
of the noise and the mechanisms of frequency translationjrtzero-IF or low-IF receivers, it is useful in probing all noise
allows the flicker noise to be optimized in a downconversiomechanisms in a time-varying circuit, because unlike white
mixer intended for use at or near zero IF. The model uses thaise it does not accumulate after frequency translation, and
simplifying assumption that the switch FET's commutate irtherefore can be uniquely traced to the original sources at
stantly, and that the flicker noise of switches can be representeseband.
by a low-frequencybias-independerninput voltage source. In  The flicker noise model has been extended to evaluate white
spite of these apparently gross simplifications, good agreemantse in the switches. Simple expressions are derived to capture
is obtained with measurements. More complicated analytidhke noise contribution of different sources in a switching mixer,
methods using time-varying gain and stochastic concepts [3],reguiring only basic circuit parameters, such as bias current, LO
exhaustive analyzes [13] also deviate from measurements byaaglitude, and load resistance. White noise in switches sampled
much as 2 dB. This analysis culminates in simple analytical ety pulses of nonzero width results i@’/ C-like expression for
pressions to capture mixer noise, analogous to well-known @ras noise, which is independent of switch size. No complicated
pressions for noise in an amplifier. The physical model is largetgathematical expression or MATLAB simulation is necessary.
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Contrasted to previously reported methods [3], [13], the modet 1] J. G. ProakisDigital CommunicationsNew York: McGraw Hill, 1995.

presented here is specific to hard-switched commutating mixeri2] J- J. Min, "Characterization of CMOS FET's flicker noise in VLS| tech-

but it all the noise to be predicted by a very simple equation nologies,” masters dissertation, Dept. Elect. Eng., Univ. of California,
utitaflows the nol predic y avery simple equation. | o5 Angeles, CA, 1988.

Obviously this is simple and flexible, and offers the circuit de-[13] M. T. Terrovitis and R. G. Meyer, “Noise in current-commutating CMOS

signer direct insights on mixer noise optimization and receiver ~ Mixers,"IEEE J. Solid-State Circuits/ol. 34, pp. 772-783, June 1999.

frequency planning.

We believe that the method described here not only sheds
light on mixers, but also on closely related circuits such as 0s-
cillators, which still lack a physical model to comprehensivel
explain their noise characteristics.
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