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Abstract-A simple linear periodic time-varying circuit
model is proposed to rigorously analyzed the noise behavior in
active mixers. Explicit formulas for thermal noise folding fac-
tor and flicker noise leakage are derived. Based upon our anal-
ysis, mixers operating at the OFF overlap mode are shown to
provide better noise performance. The analysis is validated
against smulations and measurements.

|I. INTRODUCTION

As frequency trandation devices, mixers are used to down con-
vert the input radio frequency (RF) signal to the intermediate or dc
frequency (IF) by the multiplication with a local oscillator (LO)
signal. There exists two widely-used mixers: the active and pas-
sive one[1]. Using the switched differential pairs, the former com-
mutates the signal current; whereas the latter commutates the
signal voltage. Dueto higher conversion gain, the active mixer can
effectively suppress the noise contribution from the subsequent
stages. For this reason, the active mixer is more attractive and
commonly used at the front-end of various wireless receiver [2].

Mixer noise, particularly flicker noise in CMOS mixers, can
significantly degrade the overall noise performance of the narrow-
band receiving system like the direct conversion receiver (DCR).
A simple physical model has been proposed for the mixer noise
analysis as described in [3]. The switching pairs contribute flicker
noise to the output through the direct and indirect mechanism The
former is by random modulation of the duty cycle of the output
current whereas the latter is by charging and discharging of the tail
capacitor. To reduce the flicker noise due to both mechanisms, the
active mixer is suggested to operate in the OFF overlap mode, asis
not commonly done in passive mixers [4][5].

To better understand the noise behavior under the OFF overlap
condition, the noise analysis in [3] is more rigorously analyzed by
modeling the mixer as a linear periodic time-varying (LPTV) sys-
tem. This analysis is also a generaization of [6], which assumes
that the mixers are memoryless devices and, as aresult, isvalid for
low frequency only. In this paper, explicit formula for the mixer
output noise statistic is derived. A comparison between the ON
and OFF overlap mode is carried out in terms of therma noise
folding effect and the flicker noise leakage. The analysis is vali-
dated against simulation and measurement.

The paper is organized as follows. Section 2 presents the noise
analysis, where thermal noise folding effect and the flicker noise
leakages are derived. Simulation and measurement results are pro-
vided in Section 3. Conclusions are drawn in Section 4.
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Fig. 1. single-balance active CMOS mixer
II. NOISE ANALYSIS

A. Large-Signal Modeling

Fig. 1(a) shows a single-balanced CMOS active mixer, which
consists of an input transconductance device (M3), symmetric
switched differentia pairs (M1 and M2) and an output low-pass
RC filter. The gate of M1 and M2 are biased by two anti-phase
sinusoidal signals of period T (=1/f o), i.€., V| o=VgtA oSinwy ot
and Vig=Vg-A_oSinw, ot, where Vg is the common voltage and
A o isthe amplitude. For the mixer to operate in the OFF overlap
mode, Vg must be less than the device threshold voltage (Vy). Fig.
1(b) presents an example of V| o (and Vi g) where the OFF overlap
occurs when both V| g and Vig are less than Vy,. Away from the
OFF overlap, M1 (or M2) is instantaneously in saturation; while
M3 experiences adelay toy. During the OFF overlap, M1 and M2
are OFF; whereas M3 remains in saturation region for Toeg before
entering into the linear region.

To simplify the analysis, V| o (and Vip) is linear piecewise
approximated by a trapezoid function. With this approximation,
Vi o (and Vg), the transconductance (gp,(t)) and drain conduc-
tance (ggs(t)) are illustrated as shown in Fig. 1(b). In this Figure,
the time interval when M1 (or M2) is ON is [nT,T/2] and [T/
2+nT,T]. Heren isthe duty cycle which can be determined by
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where A| o must be no lessthan |Vy,-Vg|. For sufficiently high A g,
the trapezoid function becomes a perfect square waveform with



duty cycle of n, which increases (or reduces) to 50% with increas-
ing Ao (see (1)) when the mixer operates in the OFF (or ON)
overlap mode. As aresult, 1oy can be neglected and
Torr=Cp(VLopearVin-2Vod)/l 43, Where C,, is the total capacitor at
the drain of M3 and assumed constant, Vi opeak iS the peak voltage
of V| o, Vg iSthe gate overdrive voltage and | 43 is the tail current.
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Fig. 2. LPTV circuit model
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Fig. 3. p(t.f) and my(t,f).

B. Small-Sgnal LPTV Analysis

The systematic approach to analyze the mixer isto model it asa
linear periodic time-varying (LPTV) system. Unlike the linear
time-invariant (LTI) system, the transfer function varies as a func-
tion of time. To obtain the transfer function, we linearize a set of
nonlinear equations describing the mixer behavior around a time-
varying operating point and solve the resulting equations.

For example, consider an input signal Vre(t) (=Vre(fexp(jwt))
presented at the gate of M3 and a vector of the state variables v(t)
(=[v (1), vo(t) ,v3(t)]T (where v;(t) for i=1,2 and 3 are shown in Fig.
1(a)), whose amplitude is periodic timevarying, i.e,
v(t)=V(t,fexp(jwt) and V(t,f)=V(t+T,f). To obtain V(t,f), one solves
for the differential algebraic equation (DAE) in frequency domain
[7].ie,

[CO%+ Cer(t DV = bgraOVeed ()

whereb (=[10] T) isavector mapping the input node to the outpui.
In (2), the capacitive effect is included by C(t)o/dt and
Gese(t,F)=G(t)+j wC(t)), where C(t) and G(t) are the time-varying
capacitance and conductance matrices as given by
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where g1 (t) =g (1) +9ds1(t) and ga(t) =gnp(t)+gye(t). To solve (2),
the numerical technique such as the time-domain shooting method
or the frequency-domain harmonic balance technique is tradition-
ally used [7]. These numerical methods are however generally
computationally expensive in practice and rarely provide useful
insights.

Instead, an analytical approach based on the circuit analysisis
employed. This approach is to map the DAE in (2) to the equiva-
lent circuit model and solve for the time-varying frequency
response. Fig. 2 shows the equivalent circuit models with given
inputs at the gate of M3 and M 1. In this model, the gate of M1 and
M2 are considered grounded and the resulting v4(t), vo(t) and v(t)
are the same and their amplitudes are denoted by Vj(t,f). To
include the capacitive effect which is modeled by Ggk(t,f), the
capacitive element is substituted by a parallel connected capacitor
and a voltage controlled current source, as illustrated by the
dashed line block in Fig. 2. It isworth noting that when the capac-
itive effect is neglected, i.e, Cp: 0, the resulting solution
becomes the same asin [6].

Using the circuit model in Fig. 2, Fig. 3 shows the resulting
transfer function p(t,f) (=(14(t,f)-15(t,H)/Vge(f)) and my(t,f) (=(14(t.f)-
15(t,0))/V o(f)) represented by the bold lines and Vs(t,f) by the
dashed line. The explicit formulae for p(t,f) and m(t,f) can given

by
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and F(f)=1-F(). In (4)-(5), T1 (=Cy/(91,sa*Gas3,sar)) @ T2 (=C/
Ods3,in) are respectively the time constants when M3 is in satura-
tion and linear region; &,=exp{-nT/t14}), &>=exp{-((1/2-n)T-
Torr)/T2} and Wy ()=u(t)-u(t-nT). From Fig. 3(b), note that a sec-
ond pulse of my(t,f) in the last half period of V| o depends on Toerp
during which V5(t,f) remains unchanged. The consequence will be
discussed in greater detail shortly. Since M1 and M2 are assumed
symmetric, the transfer function from the gate of M2 to the output
can be determined by my(t,f)=m(t-T/2,f).

F(f) =



C. Mixer Output Noise PSD

For noise analysis in the CMOS mixers, the input noise sources
(generated in M1-M3) mainly consist of the flicker noise at low
frequency and the thermal noise at high frequency. Assuming that
aoutput low-pass filter has a 3dB bandwidth less than U/T, the out-
put noise can be assumed to be a stationary process whose PSD is
defined in terms of the average PSD [8]
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where Sy is the noise PSD generated in MX for X=1, 2 and 3;

p™(f) and m{" (f) are the nth order harmonic transfer functions of
p(t,f) and ml(t f); y and K are the thermal and flicker noise coeffi-

cient; a(f) and B(f) are known as the thermal noise folding factor

and flicker noise leakage.

With good device matching, p(t,f)=-p(t-T/2,f), p(t,f) has only
the odd-order harmonic transfer functions, i.e., for n is odd num-
ber,
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where f;=1/(2mtty). (8) suggests that only the high frequency ther-
mal noise generated in M3 is translated down to the output and the
resulting noise floor is scaled by a. As p("(f) is centered at nf, o

and band-limited to f, a is much smaller than what is predicted
under the conventional memoryless assumption.
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On the other hand, my(t,f) as shown in Fig. 3(b) turns out to be
an impulse train, which has a non-zero DC term. This DC term is

the cause for leakage of the flicker noise from the switched differ-
ential pairs. By averaging m(t,f) over aperiod of T,
T
mO(f) = %j my(t, fat (11)
0
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where §3=exp{-(1-n)T/11)}. When n=50% and at near dc fre-
guency, this flicker noise |eakage has been predicted by means of
the indirect mechanism as reported in [3]. Using the LPTV model
in our analysis, the indirect mechanism can be better understood,
which is applicable over awider range of operations.
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Il. SIMULATION AND MEASUREMENT RESULTS

To validate our analysis, Fig. 4 and Fig. 5 show a and 3 using
(10) and (11) (asillustrated by the bold solid line) against V| o peaks
assuming f o=1GHz and f;=10KHz. Using the standard 0.35um
CMOS technology, M1, M2 and M3 are sized with 200um/
0.35um and the resulting gy, and gqs are described using the non-
quasi static short-channel model [9]. For comparison, the periodic
steady state AC (PAC) analysis provided in Cadence SPECTRE-



RF package is used. The LO signals for both cases were given by
the sguare waveforms with different ) varying from 0.2 to 0.5 (as
illustrated by the solid line).

The validity of our analysisis justified by the PAC simulation
as shown in Fig. 4 and Fig. 5. The following important observa-
tions are made. First, unlike a, a peaking of (3 is observed with
increasing V| o peak- This occurs because since B is proportional to
the weighted sum of ) and & (see (11)), the value of 3 shiftsfromn
t0 & as V| o peak iNCreases. Sincen is greater than d, decreasing B is
expected. Second, by further increasing Vi g peak, Poth a and B
with low n values will merge to a and B with n=50%. This is
because, for higher V| g pear, Torr becomes larger and requires a
longer time for M3 to return back from saturation to linear region
during the OFF overlap time interval. Conseguently, the effect of n
on p(t,f) and my(t,f) is reduced. Finaly, M1 (or M2) is pushed into
the linear mode after V| o peak iS greater than 2V. Since this resilts
in decreasing gy, but increasing gqs1, B is effectively reduced
without significantly degrading a. A non-decreasing o is desired
asit related to the conversion gain.

The advantage of alowing for the active mixer to operatein the
OFF overlap mode becomes clear as 3 is reduced by 5dB when
N=20% and V| o pea is greater than 1.3V (see Fig. 5). This condi-
tion can be accomplished by employing a sinusoidal LO signal
according to (1). To validate our analysis, Fig. 6 shows the mea-
sured flicker noise PSD between 10KHz and 500KHz at f| o
=1GHz. In this Figure, three operating conditions for the switched
differential pairs are assumed: constant biasing at V| o=Vg=2V;
the ON overlap mode when V=1V and A o=1V; and the OFF
overlap mode when Vg=0V and A o=2V. The measured noise
spectrums are illustrated by the solid line while the estimations
using (7) are by the dotted lines. A close agreement between our
analysis and measurement are observed. In addition, a 5dB differ-
ence in noise spectrum between the ON and OFF overlap is veri-
fied.

IV. CONCLUSIONS

This paper presents a simple analytical LPTV circuit model to
analyze the noise behavior of the active mixer. Using this model,
the thermal noise folding and flicker noise leakage are derived.
The advantage of having the mixer operating at the OFF overlap is
observed and justified by simulations and measurements.
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