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ABSTRACT: This article deals with nonlinear simulation methods intended to evaluate the
impact of mixer nonidealities on the performance of a wireless system. Behavioral models
capable of accurately describing the mixer’s nonlinear dynamic features at the system level
are currently unavailable. The possibility of using alternative circuit analysis techniques to
reach this goal is discussed. After a brief review of existing mixer analysis methods, the focus
is directed to the techniques amenable to efficiently handling periodic carriers modulated by
complex stochastic signals. In particular, it is shown how multi-envelope transient methods
coupled with a three-dimensional harmonic-balance engine can model a nonlinear dynamic
mixer excited by a modulated RF signal accompanied by a strong adjacent channel interferer

and with a local oscillator corrupted by phase noise. © 2005 Wiley Periodicals, Inc. Int J RF and

Microwave CAE 15: 350-361, 2005.
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. INTRODUCTION

Mixers constitute key elements in superheterodyne
transceivers for wireless systems, but are the primary
sources of nonlinear distortion. In contrast to ampli-
fiers, for example, in which nonlinearity is an unde-
sirable side effect, a nonlinear process is central to
mixer operation. Indeed, eliminating mixer nonlinear-
ity as a means to reduce signal distortion would have
the catastrophic effect of increasing conversion loss
without limit. This weird situation can be related to
the paradoxical fact that, although an ideal mixer is
one device that generates an output (the intermediate
frequency, IF) that is an exact (linear) frequency-
shifted replica of the input (the radio frequency, RF),
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frequency translation is in essence a nonlinear pro-
cess.

Mixers are characterized for nonlinear distortion
by specifications including second- or third-order in-
tercept points [1]. Those characteristics associated
with the gain conversion are then used to extract a
cubic polynomial model, i.e., a mildly nonlinear and
memoryless behavioral representation that is still the
one most widely employed for system analysis and
design. Unfortunately, this oversimplified black-box
model does not account for other extremely important
mixer nonidealities such as saturation, linear or non-
linear dynamics, additive noise, local oscillator (LO)
phase noise, and desensitization and cross-modulation
induced by a strong adjacent channel (AC) interferer.
Indeed, despite initial steps having been taken to
develop accurate nonlinear and dynamic black-box
models, behavioral modeling of mixers is not yet at a
stage capable of responding to the needs of system
designers. Thus, when more accurate analysis data is
sought, engineers are forced to increase the descrip-



tion detail and simulate the mixer at the equivalent
circuit level. Even that is generally difficult, since
most nonlinear circuit analysis methods are inade-
quate to treat a nonlinear dynamic regime with several
carriers modulated by complex stochastic envelopes.

In this article we begin by reviewing existing cir-
cuit simulation methods, comparing their ability to
efficiently handle complex multicarrier excitations.
For example, we explain how the harmonic-balance
(HB) technique [1-6], initially conceived for simple
sinusoidal excitations, can now be used for more
complex stimuli. It may be readily applied to two- or
three-tone excitations when based on the Multidimen-
sional Discrete Fourier Transform (MDFT) [5], or to
more general multitones if coupled with an artificial
frequency mapping (AFM) scheme [4, 6]. Neverthe-
less HB, being a frequency-domain method, requires
periodicity, or at least quasi-periodicity, from the ap-
plied stimulus. Time-varying Volterra series [2]
could, in principle, be used to circumvent the diffi-
culties imposed by aperiodic envelopes, but would
then restrict the mixer operation to mildly nonlinear
regimes.

Finally, the method that seems most promising is
the envelope transient harmonic-balance technique
[7-12]. The method assumes that all carriers and their
complex modulation envelopes evolve in independent
time scales. In particular, advantage is taken of the
periodic nature of the carriers by treating them with
HB in frequency domain, but still respects the aperi-
odic nature of the envelopes, evaluating them in a
time-step by time-step process [13].

Considering a particular GaAs MESFET-based ac-
tive single-ended mixer circuit, several mixer simula-
tion examples are then shown in the final part. Start-
ing with the simplest linear regime of a modulated RF
input signal, and a pure LO sinusoid, the examples
grow in complexity up to the above-referred case in
that a modulated RF accompanied by a strong AC
interferer are converted with an LO that is modulated
by phase-noise.

Il. MIXER SIMULATION AT THE
ENVELOPE/CIRCUIT LEVEL

In order to present the available mixer simulation
techniques with a practical perspective, let us consider
the simple circuit of Figure 1, to which the different
methods will be applied.

Despite its simplicity, this circuit includes memo-
ryless nonlinearity, embodied in the nonlinear current
source, iy, (1), and also nonlinear dynamic behavior,
represented by the nonlinear charge gy, (f).
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Figure 1. Nonlinear dynamic circuit example for the il-
lustration of mixer simulation techniques.

Using nodal analysis, the mathematical model of
this circuit becomes the following ordinary differen-
tial equation (ODE):

d NL
by O] ;L) = x0. M

Here, x(#) is the input excitation vector (in a mixer, the
RF — xgxx(?), and LO — x, (), signals), y(¢) is the state
or output response vector (RF, LO, IF, and all other
spurious mixing products), g, [.] is an algebraic non-
linear charge or flux function of the state vector, and
finally, iy, [.] is an algebraic current or voltage of the
same vector.

In typical telecommunication applications, the LO
is a periodic signal (generally sinusoidal) which can
be expanded in the following Fourier series:

K

xo(t) = 2 X, (ke 2)

k=—-K

On the contrary, the RF signal is a high-frequency
carrier of frequency wg modulated in amplitude - 7(f)
- and phase - ¢(7):

xge(1) = r(t)cos[wgst + d)(t)] (3)

This is modulated by a typically aperiodic complex
envelope, x,,(f) defined as:

(1) = r()e’*?. “

Considering that the transmitted RF signal, the gen-
erated LO, and the complex modulation envelope are
all uncorrelated, we can imagine that the mixer oper-
ates as if it were driven in three artificial and inde-
pendent time scales, 7;, T,, and 73. Thus, both the
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excitation and the state vectors become dependent on
these new artificial time scales:

x(t) = x(71, 7, 1); y(O) = ylr, 1, 13). (5)

Accordingly, the original circuit ODE becomes a
multi-rate partial differential equation (MPDE) [11] in
these three variables:

gLy (1, T2y 73)] n gncLy(Ty, T2, T3)]
aT a7,

n IgnLy(T), T2, T3)]

87'3 + iNL[y(Tl’ T2 73)]

= X(Tl’ T2 7-3)' (6)

Depending on the excitation regime determined by the
RF carrier, the modulation envelope, and the LO
signals, this MPDE can either be solved in the time-
domain, frequency-domain, or a combination of both.
Indeed, if any of the stimuli are periodic in some time
variable, it is convenient to treat it in the frequency-
domain using the Discrete Fourier Transform (DFT)
and its inverse (IDFT). If a stimulus is aperiodic, then
it should be kept in time-domain. That is, it is the
nature of the excitation regimes that ultimately should
determine the choice for a particular analysis method.

A. Multidimensional HB Technique

If the mixer were memoryless with respect to the RF
envelope (mixer behavior is frequency-independent
within the envelope bandwidth), then the circuit
would handle the excitation as if the envelope had no
bandwidth, or were periodic. In that case, X(7,7,,73)
can be approximated by one LO sinusoid at w, plus an
RF carrier, at wg;, modulated by another sinusoid at
,,.

Considering the eventual mixing products between
these components, we would get a solution which can
be expressed in a 3D frequency-domain as:

y(Tl > T2, TS)
K K> K3

— E E 2 Y(kl kz k’;)ej(klon|+k2wRFT2+k3me3)

ki=—=Ki k2=—Kz k3=—K3

(N

Substituting this 3D DFT form into the MPDE of Eq.
(6), it becomes a multidimensional harmonic-balance
equation (MDFT-HB):

jQin[Y(kls kz, k3)] + Inl[Y(kls k2’ kS)]
= X(ky, kp, k3)  (8)

in which € is the frequency matrix.

Equation (8) can now be solved directly for the
Fourier coefficients of Y(k;,k,,k;) using a 3D harmon-
ic-balance scheme [5]. However, as will be shown
next, it can also be solved using a conventional 1D
DFT-HB if the 3D spectrum is mapped onto an ap-
propriate 1D artificial frequency-domain [6].

B. Artificial Frequency Mapping
HB Technique

Artificial Frequency Mapping (AFM) was conceived
to handle multidimensional HB problems with much
simpler conventional HB solvers [2, 6, 14]. These
techniques were applied earlier to modulated excita-
tions when these were represented by evenly sepa-
rated multitone spectra under diamond or box trunca-
tion schemes [3, 4]. Subsequently, they were extended
to the simulation of mixers by incorporating the sinu-
soidal LO into the composite excitation, keeping the
RF as a discrete uniformly separated multitone signal
[6].

In this case, the RF signal is a sinusoidal carrier
modulated by a general periodic envelope:

Xgi(To, T3) = 1(T3)cos[ wprT, + d(73)] )
such that x,,(73) is now given by:

K3

X(T3) = r(m)e®™ = X X, (ky)e ™ (10)

k3=—K3

with K; the maximum number of harmonics consid-
ered.

However, AFM techniques are not restricted to
regimes where the LO and the RF spectra share the
same truncation scheme. They can also be used when
the excitation spectrum is more conveniently trun-
cated in diamond form for the equally spaced multi-
tone RF signal of small amplitude, and truncated in
box form for the much stronger sinusoidal LO signal
[6]. The algorithm necessary for the generation of
such a mapped frequency index can be divided into
two steps.

The first step consists of applying the AFM for
diamond truncated spectra, previously developed for
amplifiers [3, 4], to our equally spaced multitone RF
input. This mapped spectrum, composed of a certain
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Figure 2. Output diamond truncated RF mapped spectrum.

number of adjacent clustered mixing products, is
shown in Figure 2.

In the second step, this diamond truncated mapped
spectrum is considered as a new composite tone to be
mixed with the LO. The resulting mixing products are
then box truncated, and another AFM is considered.
As illustrated in Figure 3, the resulting spectrum cor-
responds to a dense and periodic frequency index
vector which can readily be used in a conventional 1D
HB engine.

Unfortunately, as Eq. (11) indicates, the total num-
ber of unknowns, N, rises quickly with the truncation
orders of the RF and LO, Ok and O, and the
number of tones in each RF diamond truncation tone
cluster, n,,ond"

Ogr+ 1
Nz2< RF

? RF

7 (ORF - 1))

“(1+20.0) * Niamona- (11)
This renders the AFM technique of limited practical
use when the envelope spectrum demands discretiza-
tion in a large number of tones (the envelope tends to
be really an aperiodic signal), or when the mixer
presents rather strong nonlinearities. In those cases it
is preferable to keep the time-domain description of
the envelope, and to solve the mixer equations for
each of the envelope time-steps. In this way, a time-
marching envelope simulation substitutes the solution
of a single very complex steady-state problem by a
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succession of many, much simpler, time-step solu-
tions.

C. Multi-Envelope Transient Techniques
Coupled with HB

If x(7,,7,,73) is composed of a periodic LO (in 7,) and
a periodic RF (in 7,) modulated by an aperiodic
envelope (in 73), then it can be represented as a
time-varying 2D DFT:

K K>

E E X(k,, k, T’;)e./(klmﬂ"'l"'kszFTz)

ki=—Ki1 ka=—K»

X(1, 7, T3) =
(12)

whose format will also be shared by all mixer state
variables:

K\ K>

y(Tl’ 72’ 73) = E E Y(kl’ kZ’ T3)ej<k]w0ﬂ+k2wRF72)

ki=—K) kr=—K»

(13)

Substituting these 7;-varying 2D DFTs into the
MPDE of Eq. (6), turns it into a 2D HB equation in
(kywy, kywgp), which is, simultaneously, an ODE in
T3

Say,
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Figure 3. Final mapped spectrum obtained from a diamond truncation AFM to the low level RF
signal, followed by a box truncation AFM for including the much stronger in amplitude periodic LO.
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Ign[Y(ky, ky, 73)]
JT3

jQin[Y(kl’ ky, 7)1 +
+ Inl[Y(kh ks, 7'3)] = X(kh ks, 73) (14)

With a convenient 75 time-discretization scheme, this
envelope transient HB equation is solved for each of
the envelope time-steps 5.

D. Time-Varying Volterra Series

Unfortunately, all of the above methods are numerical
in nature, not allowing for the extraction of a mixer
model. They are, therefore, inappropriate for mixer
design. An analysis technique capable of providing a
suitable model for mixer design is the Volterra series
method [1]. Unfortunately, since it is based on a
Taylor expansion (around some predetermined quies-
cent point), its application becomes restricted to
mildly nonlinear regimes. In mixer analysis, this
means that the input RF and output IF signals must be
considered as small perturbations of the much stron-
ger time-varying quiescent point imposed by the LO
voltage and any eventual dc bias. Alternatively, be-
havioral modeling techniques using statistical repre-
sentations of signals and power series models of non-
linearities are still evolving [15]. They have not
matured to the point where they can be applied to the
general mixer problem being considered here.

This perturbed quiescent point, or mildly nonlinear
assumption, allows a two-step procedure usually
known as the large-signal/small-signal analysis [1, 2].
First, the time-varying quiescent point is determined,
using a true strongly nonlinear analysis. Then the
method proceeds as a time-varying Volterra series
analysis for the mild RF excitation and IF response.

In the first step, the mixer is analyzed under no RF
excitation, for the dc bias and LO alone. x(¢) is thus
only dependent on 7, and the MPDE (this way con-
verted into an ODE in 7,) admits the following peri-
odic solution:

K

y(m) = 2 Y(k)e e, (15)

ki=—Ki

The substitution of this form into the MPDE leads to
a conventional sinusoidal HB equation:

F[Y(k)]=jQQ,[Y(k)] + LY (k)] — X(k,) =0
16)

whose solution in time, y(7,), allows for the determi-
nation of all 7,-dependent algebraic nonlinearities,
gncly(mpl and iy, [y(mp)].

In the second step, the mixer LO response is per-
turbed by the RF input. Assuming the RF signal varies
along 7, and is a small perturbation of the 7,-varying
quiescent point, nonlinearities can be expanded in a
Taylor series. For example, for the current nonlinear-
ity we have:

inly(mi, m)] = gi(m)y(m, 7) + g(m)y(m, 7'2)2
+ g3(1)y (7, 7'2)3 (17

Then the time-domain products, e.g., g,(1))y(7,7>),
are converted into frequency-domain convolutions,
G,(k)*Y(k,,k,). These are more efficiently evaluated
as products of a Toeplitz matrix—the conversion ma-
trix—G, (k) by a vector Y(k;,k,).

Using the conversion matrix formulation, the mixer
circuit can be modeled as a set of 1,-varying Volterra
nonlinear transfer functions, H (1,,w,...,0,):

Y(Tla ) = J H, (7, 0)X(7, w)ejm2dw + J f H, (7, ,, ,)X(7}, 0)X(7, w2)€j<wl+w2)ndﬂ)1dﬁ)2

+ f f j H;(7), 0y, 0, @3) * X(7y, 0)X(71, 0,)X(7, ws)ej(wl+m2+w3mdw1dw2dw3 (18)

which constitutes the desired analytic mildly nonlin-
ear model of the mixer.

Although valid for both mixer analysis and design,
under periodic or aperiodic RF excitations, the above

frequency-domain Volterra model is restricted to pe-
riodic LOs and mildly nonlinear regimes. Therefore, it
leaves unresolved a significant group of important
mixer simulation problems such as modeling the cir-
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Figure 4. Active MESFET mixer example used in the simulation experiments.

cuit’s 1 dB compression point and power saturation,
the desensitization caused by a strong interferer, or
even LO phase noise effects.

lll. APPLICATION EXAMPLES

To illustrate the application to system level perfor-
mance of some of the mixer simulation techniques
presented above, consider the real mixer model of
Figure 4. It is a simplified version of a GaAs MES-
FET-based active mixer in which both the LO and RF
signals are applied to the transistor gate. In the present
case, the input diplexer is a simple Wilkinson coupler
followed by broadband matching and biasing net-
works. The resulting IF is collected at the MESFET
drain and passed through a bypass capacitor to the
resistive load. Note that the drain inductor behaves as
an RF choke to the IF, while the capacitor to ground
is a short for both the RF and LO frequencies, but an
open-circuit to the desired IF. Such a mixer circuit is
typically biased at turn-on and in the MESFET’s
saturation region for improved RF-IF conversion ef-
ficiency.

Although two-tone HB simulation—either based
on MDFT or an AFM technique—is now the most
common mixer simulation scheme, it is being pro-
gressively substituted by more advanced methods. In
fact, since it assumes sinusoidal RF and LO excita-
tion, the zero-bandwidth restriction imposed on the
RF signal obviates any study of the dynamic impair-
ment on the envelope, and thus on the transmitted
information. Extensions of this two-tone HB have
also been applied to mixer distortion analysis to ac-
commodate two RF tones (time-varying Volterra se-
ries or 3D DFT based HB) [2], and also multitone RF
signals (multitone AFM techniques for mixer analy-
sis) [2, 6]. Although this technique was conceived of
for circuit simulation, it cannot be used at the system
analysis level.

Since envelope transient techniques directly handle
the complex envelope, they can be easily extended to
system analysis if two convenient system/circuit and
circuit/system interfaces are provided. As depicted in
Figure 5, these interfaces build the corresponding RF
modulated signal from the input information content,
and then convert the modulated IF back into the
information level.

A. Modulated RF Signal

As a starting point, we begin a simple illustrative
example of a mixer excited by a modulated RF signal
whose spectrum (specifically, the Power Spectral
Density function, PSD) is depicted in Figure 6 (where
the plotted curve refers to the output power calculated
in a 1 Hz resolution bandwidth). It consists of a 2 GHz
carrier that is down-converted to an IF of 100 MHz by
a pure sinusoidal LO of 2.1 GHz.

Figures 7 and 8, respectively, represent the fre-
quency-domain PSD of the resulting IF and its time-
domain in-phase and quadrature complex-envelope
waveform components. Comparing the input and out-
put PSDs, it can be concluded that this represents the
ideal mixer operation in which the output PSD is
simply a down-converted linear replica of the input.
This is a consequence of small-signal linear operation.
So, this simulation example could even be efficiently
handled by a conventional small-signal/large-signal
analysis.

B. Image Frequency Interference

Another practical example of mixer simulation refers
to the study of the impact of an interfering channel
present at the image frequency (IM). As depicted in
Figure 9, the IM is, in the present case, located at
wyt w;p = 2w,)-wgy. Depending on the level of the RF
and IM signals, this can, or can no longer, be handled
by a linear analysis. However, it can still be treated by
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Figure 5. Example of system simulation of a microwave mixer using the envelope transient
technique and appropriate system/circuit/system signal interfaces. Note that only the mixer circuit
handles the complete modulated RF signals; all other system components process either the
information content or the complex base-band envelope.

an envelope driven simulator if three HB tones (for
the RF, IM, and LO sinusoids) and two envelope
time-scales (associated with the RF and IM carriers)
are considered.

Taking the RF and LO signals, already considered
for our reference example, and the IM channel PSD
shown in Figure 10, the perturbed IF output PSD is as
plotted in Figure 11.

20+F

25}

Amplitude [dBm]

30+

35+

40 L I I L L I I

frequency [-2GHz]

Figure 6. Input power spectral density function of the RF
mixer stimulus used in the simulation examples.

A comparison of Figures 7 and 11 reveals the
notorious spectrum widening effect caused by the IM
channel, as its small amplitude condition determined a
linear additive noise operation.

Having kept the small-signal condition for both the
RF and the IM signals, this simulation example could
still be efficiently handled by a conventional small-
signal/large-signal analysis.

Amplitude [dBm]

frequency-100MHz [MHZ]

Figure 7. Output IF power spectral density function re-
sulting from the PSD stimulus depicted in Figure 6.
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Figure 8. Time-domain waveforms of the in-phase and
quadrature output IF complex envelope correspondent to the
spectrum shown in Figure 7.

System designers most often face a slightly differ-
ent, but usually more relevant, situation. This is the
case where the interferer comes no longer through the
image frequency band (in well-designed systems pro-
tected by an image-rejection filter), but is closely
located to the desired RF signal. Although a conven-
tional linear mixer analysis would lead to the conclu-
sion that such an adjacent channel had no impact on
the RF-IF conversion process, the situation is dramat-
ically different if nonlinearity is added to the mixer.
That is, if the interferer has such a strong amplitude
that it is capable of exciting the mixer nonlinearities,
then it not only will convert itself to the IF band, but
also it is capable of reducing the conversion gain to
the RF signal.

In fact, nonlinear analysis [2] shows that a time-
varying third-order nonlinearity excited by two sig-
nals (beyond the LO), at wg, with amplitude Agp, and
at the adjacent channel at w, with amplitude A,
will produce the linear output IF at w;z = 0, — wgp,
with an amplitude that is proportional to Az, a linear
output at @, — w,c proportional to A, but also a
nonlinear IF mixing product of frequency w,; = w, —

2 e

Wy = 200~ e
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Figure 10. Input power spectral density function of the
interferer signal applied at the image frequency band.

wgrp T Wpc — W Whose amplitude is proportional to
Agp* Auc”. For sinusoidal interferers, composed of a
single spectral component, the w,~ — w4 term is
always zero. So, as a result of the mixer gain com-
pression characteristics, this nonlinear mixing prod-
uct, in general, implies a reduction of mixer conver-
sion gain. However, for modulated interferers,
composed of various spectral components, where w, ¢,

Wac, (where w, and Wy, stand for any two
different frequency components of the w,~ excitation
set) ranges from zero up to the bandwidth of the
interferer, this mixing product also adds a cross mod-
ulated effect that can be interpreted as a conversion of
the interferer to the desired IF band.

Unfortunately, a conventional linear mixer analysis
can only deal with weak adjacent channel interferers,
which, falling outside the IF band, cause no impact on
system performance. The situation of practical inter-
est demands a complete nonlinear analysis like the
one illustrated by the simulation example of Figure
12. Here the same RF and LO signals are assumed as
before, but now a strong adjacent channel has been
located at 2.05 GHz. The resulting IF is shown in
Figure 13, which, compared to our IF reference of

® |
—J—i&r = - g = Lty

“ry

Figure 9. [Illustrative mixer simulation in which the RF is a modulated signal and the LO is a
sinusoidal carrier, but there is also an interfering modulated signal at the mixer IM band.
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Figure 11. Output IF power spectral density function re-
sulting from the stimulus RF and the IM interferer shown in
Figures 6 and 10, respectively.

Figure 7, clearly reveals the theoretically predicted
signal perturbation.

C. AC Interferer and LO Phase Noise

As a final example, we will discuss a very important
situation for system designers which, being highly de-
manding in terms of the simulation algorithm, is, most of
the time, left untreated. It is the case illustrated by Figure
14 of a mixer excited by the RF signal, a weak or strong
AC interferer, and a local oscillator corrupted by a
certain amount of phase noise.

Here the RF signal considered was as described
before, the adjacent channel interferer was similar to
the one of Figure 10 but backed off in power by 20
dB, and the PSD of the new LO signal is shown in
Figure 15.

Beyond the perturbation effects already studied,
there are two new ones that can be directly linked to
the LO phase noise: 1) contamination of the IF by LO
noise; and 2) the effect of an AC interferer.

The first effect is attributable to the linear mixing
process, and results in the contamination of the IF by
the LO noise. Keeping in mind that frequency and

20}
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N
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r
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w
ES

frequency-100MHz [MHz]

Figure 13. Output IF power spectral density function re-
sulting from the mixer simulation example illustrated in
Figure 12.

phase are directly related by the differential operator,
we conclude that phase noise also implies frequency
noise. So, if the LO frequency is actually wy(f) = w,
+ Q(7), then the resulting IF (w;(1) = wy(t) — wgp)
will necessarily be also corrupted by phase noise.

Seen in the frequency-domain, this corresponds to
widening of the IF PSDs due to the RF signal and the
adjacent channel interferer. To understand this we
must realize that, as seen in Figure 15, a LO with
phase noise no longer comprises just a single fre-
quency component at w,, but can be understood as a
cluster of many densely located tones around the
original w,. If we now consider all mixing processes
induced by each of these LO tones, we immediately
conclude that the resulting IF will be the sum of each
of those IFs. Therefore, the total IF bandwidth for the
RF will be the RF bandwidth plus the LO spectral line
width. This represents a redistribution of RF signal
power throughout this new IF bandwidth, which will
be afterwards turned into wasted signal power when
the spectrum is clipped by the abrupt IF channel
selection filter.

The second effect is that of the interferer, which
can now be readily understood. Since its correspond-

{UPU-' 'm.'u < a‘!\(":{q',“ a‘ﬁ-”

do e, = 0y @y pe = @ - Oy

Figure 12. Illustrative mixer simulation in which the LO is a sinusoidal carrier and the RF is a
modulated signal accompanied by another closely located channel of much stronger amplitude.
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Figure 14. Mixer simulation when the RF is a modulated signal and the LO is a sinusoidal carrier
corrupted by phase noise, but there is also an interferer modulated signal component at the input of

the system.

ing IF will also be widened, it can constitute impor-
tant interference whenever the RF and the AC IFs
overlap. This begins to happen for AC interferers
whose central frequencies differ less than one-half of
the sum of the LO, RF, and AC bandwidths from the
central frequency of the desired RF channel. In mod-
ern wireless systems, where the band guards have
been reduced to nearly zero, this effect can constitute
severe signal impairment.

As has been stated, the simulation of such effects is
not easy. Note that in spite of dealing with a conven-
tional time-varying linear process, it is already clear
that the situation is beyond the conventional conver-
sion-matrix based small-signal/large-signal analysis,
as the LO regime is no longer periodic. In fact, the
stochastic nature of the LO phase noise prevents the
use of any frequency-domain technique.

This problem, however, can be circumvented if the
LO signal is considered as a periodic carrier modu-
lated in phase by noise. In this case, analysis requires
a multirate regime composed of six independent time
scales for the LO, RF, and AC carriers, plus their
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Figure 15. Spectrum of LO signal corrupted by phase
noise.

three modulation envelopes. This approach was fol-
lowed here to obtain the RF and AC output IF PSD
results shown in Figures 16 and 17, respectively.
Benefiting from the periodic character of the three
carriers and the stochastic nature of their envelopes, a
time-step integration was conducted for the complex
envelopes, over a three-tone AFM-based HB.
Through this approach, different simulation condi-
tions can be accommodated ranging from the linear
periodic regime to the truly nonlinear stochastic re-
gime in which any or all of three modulated signals
can excite the mixer MESFET nonlinearities.

IV. CONCLUSIONS

In this article an overview of various mixer simulation
techniques, capable of providing relevant information
for system level design, was presented. It was dem-
onstrated that it is not possible to rely on conventional
black-box models to conduct accurate nonlinear and
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Figure 16. Output IF power spectral density function due
to the RF input, resulting from the mixer simulation exam-
ple illustrated in Figure 14.
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Figure 17. Output IF power spectral density function due
to the adjacent channel interferer, resulting from the mixer
simulation example illustrated in Figure 14.

dynamic mixer analysis. Thus, circuit level simulation
still constitutes a reliable alternative.

Harmonic-balance, either based on MDFT or AFM,
is appropriate to periodic or quasi-periodic LO and RF
stimulus, but presents difficulties with truly aperiodic RF
envelopes. On the other hand, multi-envelope techniques
seem to be especially useful in treating aperiodic re-
gimes of either single or multicarrier RF inputs and LO
corrupted by phase noise. In addition, these multi-enve-
lope techniques are also important to bridge circuit level
and system level simulation.

Nevertheless, as circuit and system level design
requires a closed form mixer model, a Volterra series
analysis must be undertaken. Unfortunately, with Vol-
terra analysis the RF is restricted to be a small per-
turbation of the time-varying LO quiescent point,
which then needs full nonlinear simulation by an HB
or envelope transient engine.

In summary, due to current limitations in behavioral
modeling, designers of systems with mixers are cur-
rently compelled to start with a mildly nonlinear time-
varying Volterra series analysis. This must then be com-
plemented at the circuit level by a truly nonlinear and
dynamic algorithm. For that, multi-envelope transient
engines coupled with efficient AFM based HB machines
constitute a powerful analysis tool.
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