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ABSTRACT

A complete analysis of noise in CMOS switching mixers
using stochastic differential equations (SDE) is presented.
The noise figure is calculated using this analysis which takes
both cyclostationary noise sources and capacitive high fre-
quency effects into account. The analysis leads to important
design implications for mixer design and shows that some
commonly-used approximations for mixer noise calculations
can be misleading in certain cases even at low frequencies.
It is demonstrated that there is an optimum value for the
load capacitor leading to minimum noise figure and maxi-
mum conversion gain for the mixer.

1. INTRODUCTION

Accurate prediction of mixer noise is complicated due to
time variance of elements, cyclostationary noise sources and
high frequency effects. Although a complete time-domain
technique based on time varying impulse responses exists
[1], it is very time consuming as it requires multiple sim-
ulation runs to numerically calculate the noise for a given
topology of mixers. Although insightful parametric expres-
sions for mixer noise figure [2] can be obtained by ignoring
the high frequency capacitive effects, those expressions can
lead to large errors at high frequencies. Stochastic differ-
ential equations (SDE) have been applied to mixer noise
analysis to include the capacitive effect and time-varying
properties of mixers [3] without calculating the cyclosta-
tionary effects leading to inaccurate results.

In this work, we consider the cyclostationary noise gen-
eration in the presence of capacitances. SDEs are used to
obtain autocorrelation functions of the output noise volt-
age, whose power spectral density (PSD) is periodic due to
cyclostationarity effects. The dynamics of mixer noise gen-
eration is modeled in time-domain using the time-varying
PSD, which facilitates a comparison between stationary and
cyclostationary noise calculations. The dependence of the
PSD on capacitances and switching modes provides further
insight to the mixer design by identifying an optimum ca-
pacitance for minimum noise figure and maximum conver-
sion gain. This approach lends itself very well to computer
simulations, resulting in fast calculation of noise figure of
mixers.

In Sec. 2, we describe the CMOS switching mixers op-
eration and obtain an expression for the conversion gain,
which will be used to calculate input-referred noise later.
SDEs describing mixer noise are derived and solved in Sec.
3. Numerical examples and the design implications appear
in Sec. 4.
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Figure 1: (a) Schematic (b) RC-model and noise sources
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Figure 2: Three switching modes and g7 (t) : (a) zero-overlap
(b) off-overlap (c) on-overlap

2. CMOS SWITCHING MIXERS AND
CONVERSION GAIN

The switching mixer topology and its equivalent R C-network
model including noise sources are shown in Fig. 1. Al-
though it is possible to account for non-zero RF port resis-
tance in this topology [4], in this paper, we only consider
the zero resistance case to avoid cumbersome mathematical
expressions. Hence, input-referred noise will be used as a
figure of merit in the following sections.

Transistors M; and M, are driven by the local oscillator,
fro, and My and M3 are driven by the opposite phase of
LO. ¢g(t) and g(t) represent channel conductances of MOS
transistors which are periodic in fro and are 180° out of
phase. The dc voltage difference between RF input port is
assumed to be small to guarantee switching between off and
deep triode region, which is true in most practical cases as
the RF and IF signals are generally small. In triode region,
the channel conductance of MOS transistors are given by

W
L
where the time-variant threshold voltage accounts for the
body effect of the MOS transistors.

The conversion gain can be calculated using superposi-
tion integral of impulse response functions as in [5]. How-
ever, we derive the relation between v,f(t) and v;¢(t) by
solving the following differential equation obtained from

KCL in Fig. 1(b), i.e.,
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Figure 3: A simple model for noise sources and the switching
mixer

The load capacitance, C(t), is usually time-varying as it
consists of the input capacitance of the next stage and par-
asitics of the mixer core. The two periodic functions, m(t)
and gr(t) are defined as

)
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It can be easily seen that the mixing function, m(t), and the
effective conductance, gr(t) have fundamental frequencies
of fro and 2fLo, respectively. As typical waveforms of
gr(t) in Fig. 2 show, there are three different switching
modes. Fig. 2(a) shows the zero-overlap case where M;
- My pair turns on immediately after My - Mgz pair turns
off and vice versa. Fig. 2(b) shows the off-overlap case
where there is a period of time when all transistors are off
leaving the IF port floating. The on-overlap case is shown
in Fig. 2(c), where all transistors are on for a fraction of
the period. It is well known that the switching mode of the
mixer affects its performance [5].
In the case of no load capacitances, (2) reduces to :

vig(t) = m(t)ors (1) (5)

and the conversion gain is simply M(fro) where M(f) is
the Fourier transformation of m(t). Full conversion gain
analysis with capacitances can be performed by solving (2).
Noting that ®(t) _fo t)gT(t)Jr(d/dt )C(t)dt isan
argument of the integrating factor for (2) [6
solution for vis(t) can be obtained :

|, the following

vip(t) = e *® / e m(t)gr(t)C (t Yoy (£)dE (6)

with an initial condition of v;;(0) = 0. We are interested in
vir(t) at large ts. This integral can be numerically evaluated
to calculate the conversion gain of the mixer. T'wo examples
are given in Sec. 4.

3. MIXER NOISE ANALYSIS VIA SDE

In this section, we derive and solve a SDE for switching
mixers to investigate cyclostationary effects in the presence
of load and parasitic capacitances. With the RF port at
ground in Fig. 1(b), KCL and superposition result in the
following SDE for the noisy voltage v(t) across the capacitor

c(t) -

TG +lor () + TGP0 = 566 i i) (1)

Assuming that all the noise sources are uncorrelated since
they are generated by different transistors, we have

1 (i1 +ip — i3 —14)?

z = 4kT t 8

1 AT vgor(t) (8)
where gor(t) is gr(t) given by (4) for Vg, (t) =0.

The right hand side of (7) is cyclostationary and can be
expressed as the product of a stationary noise source io(t)
and a deterministic noise modulating function (NMF), a(t)
[7]: .

§(i1 + 29 — 13 — i4) = io(t)a(t) (9)
where E/Af = 4k:T'yg(3T7mM and on (t) — gor (t)/goﬂmaz.
The above decomposition of the cyclostationary noise sources
reduces (7) to :

dv (t)

a(),
2 wt(t) =

0 io(t) (10)

where w(t) = C71(t)[gr(t) + (d/dt)C(t)).

We assume an initial condition of v(0) = 0 for (10) and
we are interested in large ts when the initial transient fades
out. The autocorrelation function of v(t) can be obtained
through two steps. First, by multiplying (10) at t2 by é0(t1)
and taking the expected value, we obtain

2] alts)

Oty C(tQ)RLOJO (t17t2)
(11)

with an initial condition of Ry, (t1,0) = 0. Second, by

multiplying (10) at ¢; by v(t2) and taking the expected

value, we obtain

Rig.o(t1,t2) + w(t2)Rigw(ti, to) =

0 o Oé(tl)
a—thm,v(tth) +w(t)Ryo(ti,t2) = mﬁo,v(tl,b)
(12)

with an initial condition of R,.(0,%t2) = 0. Exploiting
Rig.io(t1,t2) = Ugoé(tl — tg) for white noise where 0'30 =
4kT~gor maz and hiring the integrating factor technique [6],
we obtain

o2 a(t) | P2y ) ) (13)

Rigo(t1,t2) = 0y, C(tl)

where u(t) is the unit step function. By plugging (13) to
(12) and using the integrating factor technique again [6],
we obtain the autocorrelation function of the noise voltage
at the IF-port :

2 e [ a(t) 220
(1, to) = o e (B dt
Ry (b1, t2) = 0jge /O [C(t)]
(14)

This is the most general form of the autocorrelation func-
tion from which the PSD is calculated numerically.

Although evaluating (14) is possible numerically [4], we
make two simplifying assumptions to gain more insight.
Since Vys is generally very small due to the weak IF and
RF signals, g7(t) = gor(t). This deep-triode approximation
and equations (7) and (8) imply that Fig. 3 can be used
to model noise. Also, the time-varying capacitance, C(t),
is approximated with a constant capacitance C. These two
approximations reduce (14) to :

2
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Ry (ti,t0) =

(15)
AsdC/dt = 0 and hence w(t) = gr(t)/C is positive, the sec-
ond term will die out for large ts in R, ,(t+7,t). Therefore,

(15) further reduces to
t+1
/ w(t)dt ||
t

Rualt 7,0 = 220 (16)
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Figure 4: Conversion gain vs. cap. (a) frr=200MHz,

fLo=190MHz (b) frr=2.44GHz, f10=2.24GHz

As a special case, neglecting all the high frequency terms
of gr(t) except its dc component, gg, the argument of the
exp in (16) reduces to —28|7| and hence

SvO(f) — M (17)

gg + 472 f2 2
which is the same result obtained from the equivalent cir-
cuit of Fig. 3 with a constant gr(t). As will be seen in the
following section, ignoring cyclostationarity and frequency-
dependence as in (17) can lead to gross errors in the esti-
mated noise depending on capacitance values and switching
modes.

4. SIMULATION RESULTS AND DESIGN
IMPLICATIONS

Trapezoidal integration algorithm is used to calculate the
output PSD at frr using (16). The PSD is a periodic func-
tion of time since the noise sources are cyclostationary and
their fundamental frequency is 2fro. To emphasize the
time-varying nature of PSD at frr, we will denote it as
S(frr,t). To investigate the dynamics of noise generation
and design implications for different capacitance values and
switching modes, two different examples are considered :

4.1. fLo=190MHz, frr—200MHz, and f;»=10MHz

The conversion gain obtained from (6) with various con-
stant capacitance values is depicted in Fig. 4(a). As noted
in [5], the conversion gain can be larger than 2/m in the
presence of capacitors, as shown in Fig. 4. The increase in
conversion gain stops and reverses once the effective 3dB
frequency of the mixer becomes comparable to 27 frr, i.e.,

go
27TfIF (18)

Ccon’u ~

The conversion gain begins decreasing as the frr compo-
nents are filtered out as well. Therefore, there exists an
optimal capacitance resulting in maximum conversion gain.

Fig. 5 shows S(frr,t) at the IF port for off-overlap,
zero-overlap and on-overlap switching modes for different
IF capacitances. As mentioned earlier, S(frr,t) is periodic
in 2fro. Regardless of the switching type, the noise at the
IF port is boosted when gr(t) is small and attenuated when
gr(t) is large. Also a smaller capacitance results in larger
variations in the PSD while a larger capacitance averages
out more of 2fro cyclostationarity and reduces the time-
variations of the PSD.

In the off-overlap switching mode, noise at IF is large
when all the transistors are off and IF port floats. The
voltage stored on the capacitor stays constant and thus the
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Figure 5: S(frF,t) for frFp=200MHz, frL,o=190MHz : (a) off-
overlap (b) zero-overlap (c) on-overlap

spectral density of the IF noise remains the same, which
explains the plateaux observed in Fig. 5(a). For a small
capacitance, most of the total noise is introduced during
this plateau, e.g., for ¢ = 30fF and C = 100fF, the
plateaux are 15dB and 11dB higher than the flat valley,
respectively. Thus, for small capacitances, the large noise
generation during the off-period makes the time-averaged
PSD, < S,(frr,t) >, deviate to a great extent from the sta-
tionary PSD, S,o(frF), as seen in Table 1. For C = 30fF
and C' = 100fF, deviations are 8.1dB and 5.2dB, respec-
tively. Thus, a blind application of (17) to the mixer noise
calculation can result in large errors. As the capacitance
becomes larger and the approximate effective bandwidth,
go/C approaches 2m X 2 fr0, the cyclostationary effects will
be filtered out, lowering the height of plateaux and hence
< Sy(frr,t) > approaches S,o(frr). A simplified, yet in-
sightful way of looking at this effect is by noting that the
mean square noise voltage on the capacitor in a sampling
switch is given by kT'/C which increases for smaller values
of C.

For the zero-overlap switching shown in Fig. 5(b), the
noise at IF is large close to on-off transition of the tran-
sistors. Since the noise boosting is not as strong as in the
off-overlap switching, the difference between < S, (f1r,t) >
and Svo( fr F) is not as large but still considerable for small
capacitances as shown in Table 1.

For the on-overlap switching, the time-variance of the
PSD is significantly weaker when compared to the other
two switching modes as shown in Fig. 5(c) and Suo(frr)
can be used as a good approximation for < S,(frr,t) >
in most cases as seen in Table 1. The difference in the
PSD between on- and off-overlap cases is considerable, and
amounts to 12.6dB and 9.6dB for C = 30fF and C' =
100f F', respectively.

Assuming zero RF port impedance [4] to obtain insight,
the input-referred RF-port noise becomes a more appropri-
ate figure of merit. In Fig. 6(a), we plot the RF-port-
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fLo=190MHz (b) frr=2.44GHz, fr0=2.24GHz

referred noise as a function of capacitance for the three
switching modes, showing the best noise performance for
on-overlap mode.

The critical capacitance, Cecony, at which the conver-
sion gain drops is approximately given by (18) as can be
seen in Fig. 4. The critical capacitance for the filtering of
cyclostationarity, i.e., Ccycio, is given by :

Ccyclo ~ o Xg;—fLo (19)
Due to the difference between Ceony and Ceyero, RF-port-
referred noise drops up to a certain point with the atten-
uation of the cyclostationarity as seen in Fig. 6. The re-
duction rate in the RF-port-referred noise represents the
importance of cyclostationarity. As stated earlier and can
be seen in Fig. 6, the off-overlap switching shows the high-
est level of cyclostationarity. The RF-port-referred noise
stays constant for capacitances in excess of a certain criti-
cal value as the filtering for noise and conversion gain occurs
at the same rate after the capacitance reaches Ceony. Thus,
there is an optimum capacitance in the on-overlap switch-
ing mode, which minimizes the input-referred RF-port noise
and maximizes conversion gain. This capacitance is around
10pF in this example as seen in Fig. 4(a) and 6(a).

This implies that optimum S/N ratio can be obtained
by operating the mixer in the on-overlap mode despite its
inferior conversion gain as shown in Fig. 4. If on-overlap
switching is used, (17) can be safely used as a first-order
noise approximation. In addition, the on-overlap switching
also improves the linearity of the mixer as mentioned in [5].

Capacitance || off-overlap || zero-overlap || on-overlap
S’UO Savg S’UO Savg S’UO Savg

30fF 13.3| 86.0 8.12| 15.5 4.60( 4.78
100fF 13.3| 43.9 8.12| 13.5 4.60( 4.78
1pF 13.3| 17.2 8.12| 99 4.60( 4.75
3pF 13.2| 13.9 8.11| 8.6 4.60| 4.67

Table 1 : frLo=190MHz, frr=200MHz. IF-port PSD (unit :
1071802/ Hz2). Syo = Syolf1F)- Savg =< Su(frF,t) >

4.2. fLo=2.24GHz, frr—2.44GHz, and f; )—200MHz

The conversion gain obtained from (6) for various capacitors
is depicted in Fig. 4(b). The critical capacitance at which
the conversion gain begins decreasing with further increase
of capacitance values is lower in this higher frequency op-
eration example since the effective 3dB frequency approach
2m frr faster for higher operation frequencies.

Although similar trends as the previous example can be
observed, the difference between Syo(frr) and < Sy (frr,t) >
is not as conspicuous for the same capacitance as seen in

Table 2, since the cyclostationarity for a given capacitance
at higher frequencies is subject to more filtering, resulting
in lower noise. The RF-port-referred PSD is depicted in
Fig. 6(b) as a function of capacitance, suggesting that the
on-overlap switching result in the best noise performance.
The optimal capacitance for minimum input-referred noise
and maximum conversion gain is close to 1pF in this exam-

ple as seen in Fig. 4(b) and 6(b).

Capacitance || off-overlap || zero-overlap || on-overlap
S’UO Sa/ug S’UO Sa/ug S’UO Savg
30fF 13.3| 24.6 8.12| 11.5 4.60| 4.78
100fF 13.3| 164 8.12| 9.62 4.59| 4.75
300fF 13.0| 13.5 8.06| 8.41 4.58| 4.66
500fF 12.5| 12.5 7.93| 8.07 4.56| 4.59
able 2 : fr0=2.24GHz, frr=2.44GHz. IF-port PSD (unit :

1071802/ H2). Syo = Svolf1F). Savg =< Su(frF,t) >

4.3. Simulation Consideration

Our numerical simulator for noise calculation from (16) uti-
lizes simple trapezoidal integration algorithms and it takes
about 10-minutes to calculate < .S, (fIF,t) > in the worst
case. The more general equation (14) can be easily incor-
porated into a circuit simulator such as SPICFE and noise
can be efficiently calculated during transient analysis for
deterministic signals.

5. CONCLUSION

Complete analysis of cyclostationary mixer noise in the
presence of parasitic and load capacitances utilizing stochas-
tic differential equations is introduced. The time-varying
PSD at frp provides useful design insights, including the
optimal load capacitance and the optimal switching mode
to obtain minimum input-referred noise and maximum con-
version gain at the same time. This analysis provides an ef-
fective and accurate simulation method which can be easily
incorporated into the transient analysis of circuit simula-
tors.
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