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Generalized Linear Periodic Time-Varying Analysis
for Noise Reduction in an Active Mixer

Jongrit Lerdworatawee, Member, IEEE, and Won Namgoong

Abstract—A simple linear periodic time-varying circuit model
is proposed to rigorously analyze the noise behavior in an active
mixer. This analysis can be shown to be a generalization of existing
LPTV mixer models, which assume that the mixer is a memoryless
device and, as a result, is valid for low frequency only. Based on the
proposed LPTV circuit model, explicit formulas for noise figure
that accounts for the effect of the thermal noise folding and the
flicker noise leakage are derived. Our analysis shows that the mixer
operating at OFF overlap mode yields a better noise performance.
The analysis is validated against simulations and measurements.

Index Terms—CMOS analog integrated circuit, integrated cir-
cuit noise, mixer noise, nonlinear circuit, time-varying circuits.

I. INTRODUCTION

DIRECT CONVERSION receivers (DCRs) have recently
attracted widespread attention as they enable high levels

of integration and potentially low power consumption [1], [2].
In DCR, the received RF signal is downconverted directly to the
baseband for amplification and eventual digitization. One of the
main challenges of implementing a DCR is that low-frequency
noise such as flicker noise can dominate the signal strength and,
if not removed, substantially degrades the signal-to-noise ratio
(SNR) [3], [4]. Since the flicker noise arises predominately from
the mixer, the design of a good mixer is of significant importance
in improving the performance of the DCR.

The two commonly used mixers are active and passive mixers
[5]. The active mixer is attractive in many applications because
it provides higher conversion gain, resulting in improved sup-
pression of noise contribution from subsequent stages [7]–[8].
Hence, we consider active mixers only, although the proposed
analysis approach is also applicable to passive mixers.

To mitigate the flicker noise at the mixer output, the two
common approaches are to reduce the current passing through
the transistor and to increase the transistor size. Both ap-
proaches, however, are at the expense of reduced conversion
gain and/or mixer bandwidth. An approach that has not been
previously studied for active mixers is to modify the switching
mode of the mixer. Depending on the bias voltage at the
switched transistor pair, the switching mode can be classified
as operating either in the OFF or ON overlap mode [9], [10].
Although originally defined for passive mixers, the OFF and
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Fig. 1. Single-balance active CMOS mixer.

ON overlap modes of operation can also be similarly defined
for active mixers as described in the following section. Conven-
tional mixers operate in the ON overlap mode. The use of OFF
overlap mode has been studied for passive mixers and shown to
suffer from poor noise performance [9], [10]. In active mixers,
however, we show that the OFF overlap mode is very effective
at reducing the mixer output noise [11].

To accurately predict the mixer noise when operating in both
ON and OFF overlap modes, a novel analytical approach to rig-
orously analyze the mixer noise performance is developed. In
the proposed approach, the mixer is modeled as a linear periodic
time-varying (LPTV) system [12]–[14]. The proposed analysis
approach can be shown to be a generalization of [15] and [16],
which assume that the mixers are memoryless devices and, as a
result, is valid for low frequency only. In this paper, explicit for-
mulas for the mixer output noise statistic are derived. A noise
performance comparison between mixers operating in the ON
and OFF overlap modes is carried out in a rigorous manner. The
analysis is validated by simulation and experimental measure-
ment results.

The paper is organized as follows. In Section II, we present
a new analysis for the active mixer which is modeled as an
LPTV system. In Section III, the noise analysis is presented. In
Section IV, simulation results are presented to verify the theory,
followed by the experimental results in Section V. Conclusions
are drawn in Section VI.

II. MIXER SWITCHING MODES

Fig. 1 shows a single-balanced CMOS active mixer, which
consists of an input transconductance device (M3), the switched
differential pairs (M1 and M2) which are assumed to be sym-
metric, and the load network which forms a low-pass RC filter
to the output. In Fig. 1, the voltage biases M3 at the cur-
rent to enable voltage-to-current conversion of the input RF
signal voltage to the signal current. The resulting input RF signal
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Fig. 2. ON and OFF overlap operation mode.

current is then downconverted by switches M1 and M2 to the
output differential current . Note that M1 and M2
are driven by a local oscillator (LO) signal voltage, which alter-
natively turns on M1 and M2. When either M1 or M2 turns on,
it is assumed that it remains in saturation. Keeping M1 and M2
in saturation ensures a higher output resistance, better isolation
between the input and output ports, and improved linearity.

The LO switching operation can be classified as operating in
either ON or OFF overlap mode. Fig. 2 illustrates two anti-phase
sinusoidal voltage signals and . Here

and , where is
the angular LO frequency, is the common voltage and
is the LO amplitude. Depending on the relative value of to
the M3 drain-source voltage and the device threshold
voltage , the active mixer operates in either ON or OFF
overlap mode. Here the overlap refers to a window in transition
time where the switched differential pairs are in the same state,
i.e., both M1 and M2 are on (or off) during the ON (or OFF)
overlap. As shown in the top of Fig. 2, the ON overlap mode
occurs when , whereas the OFF overlap occurs
when . As a result, the ON (or OFF) overlap
respectively correspond to the time interval when and

are greater (or less) than , i.e., and
as illustrated in Fig. 2. Here

and can be computed by

(1)

where is the value of at the beginning of the ON
(or OFF) overlap period. Note that the polarity of

is positive (or negative) for ON (or OFF) overlap
while its absolute value is actually determined by the size ratio
of M1 (or M2) to M3 and the current during the non-overlap pe-
riod. For a fixed size ratio and the current, modulates the
ON (or OFF) overlap time interval through , which now be-
comes a function of for a given bias voltage according
to (1). As the LO amplitude increases, gradually increases and
eventually approaches 1/2.

During the ON (or OFF) overlap, the switches M1 and M2 are
on (or off) as shown in Fig. 2. When outside the ON (or OFF)
overlap interval, one of them (i.e., M1 or M2) remains in satura-
tion while the other is completely off. To effectively downcon-
vert the input signal, M3 is assumed to be in saturation for both
ON and OFF overlap mode when outside of the ON (or OFF)

overlap interval. On the other hand, M3 remains in saturation
during the ON overlap; whereas it gradually switches from sat-
uration to triode mode during the OFF overlap. As M3 acts as a
resistor in the latter case, it discharges the capacitor at the drain
of M3 to ground, resulting in a voltage drop in . If the OFF
overlap time is sufficiently long, will eventually reduce to
zero. These assumptions are made throughout this paper.

The conventional active mixer operates in the ON overlap
mode. A potential drawback of operating in this mode is that
the low frequency noise (e.g., the flicker noise) generated by
switches M1 and M2 can readily leak to the output during
the ON overlap interval. This noise is referred to as the direct
noise in [15]. To reduce the direct noise, larger LO amplitude
with sharper LO transition can be applied. However, even in
the extreme case when LO is a square waveform with infinite
slope, flicker noise still appears because of the charging and
discharging of the capacitance at the tail node. This noise is
referred to as the indirect noise in [15].

To reduce the flicker noise, we propose to operate in the OFF
overlap mode. In principle, this method can eliminate the direct
noise since it prevents both switches from turning on simultane-
ously. On the other hand, the mixers when operating in the OFF
overlap mode can be shown to have less indirect noise leakage to
the output. This is because the amount of the charging and dis-
charging noise current is reduced as portion of the voltage noise
stored at the tail node has been leaked through M3 to ground
during the OFF overlap. As a result, the indirect noise can be
minimized by properly adjusting the OFF overlap interval as
described in a later section. A potential drawback when oper-
ating in the OFF overlap mode is that the mixer suffers from
lower conversion gain. Since less power is dissipated in this
mixer, however, the loss in conversion gain becomes negligible
when the two mixers are compared under equal power dissipa-
tion condition.

III. MODELING THE MIXER AS A LINEAR PERIODIC

TIME-VARYING SYSTEM

In the proposed analysis, the mixer is modeled as an LPTV
system, which can be characterized by a transfer function that
is periodically time-varying [17]. Unlike in previous LPTV
mixer model [16], which assumes a memoryless device, our
analysis accounts for the memory effect of the tail capacitor.
For clarity of discussion, the review of the fundamental theory
for the LPTV system is summarized in the Appendix. In this
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section, we make use of the results from the theory to derive
the closed-form LPTV transfer functions, which are used to
compute parameters such as conversion gain and noise figure
in the following section.

A. Characterizing the Active Mixer

The mixer in Fig. 1 can be described by the following set of
nonlinear differential equations:

(2)

where and (for and ) are the current and
voltage as shown in Fig. 1. In addition, is the charge stored
in the capacitance at the drain node of M3. This capacitance con-
sists of the gate-source capacitance of M1 and M2 (i.e., and

) and the junction capacitances at the source of M1 and M2
and the drain of M3. Since they appear as a nonlinear function
of the applied voltage, these junction capacitances make the un-
derlying linear assumption for the time-varying model invalid
and therefore make the analysis too complicated. To overcome
this difficulty, we approximate these junction capacitances as a
time-invariant capacitance . This can be theoretically
computed as a time-average of these capacitances. As a result,
the total capacitance at the tail node is the sum of
and and is defined as a time-invariant illustrated by the
dash line in Fig. 1.

As a first step to determining the LPTV transfer function, we
linearize (2) around a time-varying operating point, resulting in
the following linearized small-signal differential equation:

(3)

As illustrated in Fig. 1, is the small-signal differential
output current, is the small-
signal input vector, and is the
small-signal state vector. The time-invariant capacitance matrix

and time-varying (trans)conductance matrix , and
are given by

(4)

(5)

(6)

(7)

Fig. 3. PSSC model.

Fig. 4. I-V curve for MOS transistors and the corresponding g and g .

B. Periodic Steady-State Circuit Model

To perform the periodic steady-state analysis for an LPTV
system, we assume that the inputs are sinusoidal signals with
time-invariant amplitude, i.e., ,

and .
The state voltage and output current are sinusoidal sig-
nals with periodic time-varying amplitude, i.e.,

and , where
and .

Substituting them in (2), we obtain a new equation for the
time-varying amplitude of the state voltage and the output
current at frequency , i.e., [19]

(8)

where ,
, and .
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Fig. 5. Linear piecewise approximation for g (t) and g (t).

Note that if the capacitive effect is neglected, the terms in the
bracket at the left-hand side of (8) reduces to . The resulting
memoryless LPTV equations, which are valid at low frequen-
cies, have been solved in [16].

Since the elements in the second and third rows of (see
(4)) are all zero, the state vector computation is greatly simpli-
fied. Substituting (4)- (7) into (8), it can be shown that for input

, . Similarly, input
yields and

; while input results in
and . As and
can be deduced from , only the knowledge of
is required.

To better understand how is affected by inputs
and (or , we introduce an equivalent

circuit model of (8) as shown in Fig. 3. This circuit model of
the amplitude response at frequency is subsequently referred
to as the periodic steady-state circuit (PSSC) model. In this
model, the gate of M1, M2 and M3 are connected to an analog
ground according to (8). This model includes a resistor with
imaginary value of and a capacitor of (as illustrated
by the dash-line block) to account for the tail capacitance. If
this capacitive effect is neglected (i.e., ), the PSSC
model becomes memoryless and valid at low frequency only.
To accurately predict the behavior of the mixer at all frequen-
cies, the proposed PSSC model shown in Fig. 3 is solved for

as described in the following subsection.
After solving for , the contributions of ,

, and to the differential output current
can be readily obtained:

(9)

(10)

(11)

Since M1 and M2 are assumed symmetric,
. As a result, when or

is applied as shown in Fig. 3, differs in the two cases
simply by a shift of T/2. Using this relationship in (10) and (11),
it can be shown that . Therefore, we
consider only and which are used to distinguish
the transfer function from the input RF and LO port to the output
IF port.

C. Derivation of and

To derive the LPTV transfer functions and ,
we first solve for given inputs and
using the PSSC model in Fig. 3. To determine , we con-
sider the short channel model to describe the current and voltage
of a MOS transistor [18], i.e.,

(12)

where is the drain current, is the gate-source voltage,
is the drain-source voltage and is the threshold voltage of the
device. In (12), is the electron mobility, is the gate oxide
capacitance per unit area and the parameter models to first
order the source series resistance, mobility degradation due to
the vertical field, and velocity saturation due to the lateral field.
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Fig. 6. Plot of P (t; !) and M(t; !) for (a) ON and (b) OFF overlap mode.

According to (12), Fig. 4(a) plots the current-voltage curves,
where the linear and saturation region are separated by a dashed
line. Using (12), the PSSC model is difficult to analyze since the
transconductance and the drain conductance, i.e., and ,
are a nonlinear function of , as illustrated by the dashed line
in Fig. 4(b) and (c). To simplify the analysis, we approximate

and by a step function as illustrated by the solid line in
Fig. 4(b) and (c). As a result, the time-varying and of

, i.e., and , become a piecewise linear func-
tion as illustrated in Fig. 5. Mathematically, they can be given by

(13)

(14)

where, according to (12),

(15)

is determined by the ratio of the transistor width to length and
, which is a constant that represents the saturation current of

M3 during the non-overlap time interval. Using this approxima-
tion, the PSSC model can then be readily solved for in
each linear time segment. The voltage at the boundary of these
linear time segments can be made continuous by appropriately
solving for the initial conditions of the circuit.

Using the PSSC model with the piecewise linear approxima-
tion in Fig. 5 and after some straightforward but tedious al-
gebraic manipulations, and for both the ON
and OFF overlap modes can be readily determined. An example
is shown in Fig. 6, which plots and for both
ON and OFF overlap modes assuming is near DC. For both
overlap modes, is an odd periodic function with (i.e.,

and is a periodic function
with .

The resulting mathematical expressions for and
are summarized as follows. For the ON overlap mode,

we obtain (16) and (17), shown at the bottom of the page, where
and

(18)

For the OFF overlap mode, we obtain (19) and (20), shown at the
bottom of the next page, where
and . As (or ) increases (or decreases),
and approach to 1. For (or ), we can show that
(16) and (17) are equal to (19) and (20), respectively, suggesting
that the ON and OFF overlap mode become identical as the ON
or OFF overlap time disappears.

(16)

(17)
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IV. MIXER NOISE ANALYSIS

Using the expressions for and derived ear-
lier, the PSD of the mixer output noise is first derived. The noise
figure (NF) is then determined.

A. Mixer Output Noise PSD

When the mixer is modeled as an LPTV system, the mixer
output noise becomes a cyclostationary process even though the
input noise is assumed stationary. In addition to complicating
the noise analysis of the mixer, the cyclostationary noise could
significantly degrade the mixer noise performance if the corre-
lated noise spectra at multiples of are added. To avoid this
problem, a low-pass filter with bandwidth less than is added
at the mixer output to filter out the high frequency noise spectra.
As illustrated in Fig. 1, this low-pass filter is implemented with
the load network. As a result, the noise statistic at the output
of the mixer is stationary and can be described in terms of the
time-average power spectral density (PSD).

According to the LPTV theory, the time-average PSD of
) can be written as

(21)

In (21), and are the PSD of the
input noise at the gate of – ; and are, re-
spectively, the nth order harmonic transfer function of

and as given by [20]

(22)

(23)

When the memory effect is considered in an LPTV system,
(or ) is generally not equal to

(or ), which imply that the upconversion and down-
conversion gains may be different.

For the single-balanced mixer, the input noise sources consist
of the resistive noise, e.g., the RF source resistance , the LO
source resistance (typically equal to ), the polysilicon
gate resistance of MX (for 1, 2, and 3), and the tran-
sistor noise (e.g., the high-frequency thermal noise and low-fre-
quency flicker noise). Since M1 and M2 are assumed symmetric,

is odd periodic, and as a result, when n
is an even number, which implies that no flicker noise is leaked
from M3 to the mixer output. In addition, the noise statistic in
M1 and M2 are the same i.e., . As such,
we can rewrite (21) as follows:

(24)

In (24), is the Boltzmann’s
constant and is the ambient temperature;

and are the thermal and flicker noise coefficients,
denote the flicker noise leakage factor

of M1 (and M2), and and
are the thermal noise folding

factor of M3 and M1 (and M2).
Using the proposed LPTV analysis approach, the mixer

output noise can be quantitatively analyzed. In addition, the
reduction in the flicker noise when operating the mixer in
the OFF overlap mode can be understood from (24). When
operating in the OFF overlap mode, the flicker noise leakage by
means of the direct noise mechanism [15] is eliminated, while
the contribution via the indirect noise mechanism is greatly
suppressed. As illustrated in Fig. 6, the disappearance of the
direct noise is due to the absence of the ON overlap interval
regardless of ; whereas the reduction in the indirect noise oc-
curs since is mostly discharged to ground through M3,
which enters the linear region during the OFF overlap interval.
This discharging process reduces the amount of capacitive
current that leaks to the output through M2 at the second half
LO cycle, resulting in reduced . To quantify the amount

(19)

(20)
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of the indirect noise leaked to the output of the mixers, we can
compute by averaging as in (20) over , i.e.,

(25)

As mentioned in the preceding section, the ON and OFF
overlap model becomes the same when (or ).
According to (25), for both modes then approaches to

at low frequency. This result is consistent with the
prediction using the simple physical model [15], which in turn
verifies the validity of our model. As increases, the dis-
charging process during the OFF overlap time interval becomes
more effective and, as a result, is smaller as in (25)
decreases. Therefore, the OFF overlap mode outperforms the
ON overlap in terms of the flicker noise reduction.

B. Expressing NF

The mixer NF is defined as the ratio of the total output noise
power to the fraction of the output noise power contributed by
the input noise source. The amount of the total output noise is
determined from (24). The fraction of the mixer output noise
caused by the input noise is computed by multiplying the input
noise with the conversion gain (CG). In general, we consider
the input noise as the thermal noise generated by the 50 input
source resistor. As a result, the NF can be written as

(26)

(27)

(28)

(29)

In (26), and can be determined from (22)
and (23) and is closely related to CG (i.e.,
CG is equal to the product of and the output resistance
as shown in Fig. 1). According to (16) and (19), we can compute

for the ON and OFF overlap mode as

(30)

For (or ), note from (30) that for both
overlap modes approaches to , which agrees with the
prediction from the conventional memoryless mixer model [16].

Of our primary interest is the noise contribution in the last
term of (26) due to the flicker noise, which typically domi-
nates the other noise sources at baseband frequency. In partic-
ular when operating in the OFF overlap mode, we can obtain an
analytical expression to compute the noise figure for the mixers

by first neglecting the first and second term in (26) and then sub-
stituting (25), (27) and (30) into (26), i.e.,

(31)

From (31), we can effectively improve NF by reducing (or
increasing . This noise reduction is, however, at the expense
of lowering the conversion gain according to (30). Note that
the power consumption depends on the average current

. Since less power is dissipated with decreasing , the
loss in gain may be compensated by allowing for more power.
The trade-offs between the design parameters of the mixers will
be discussed in depth in the following section.

V. SIMULATION RESULTS

To validate our analysis, the single-balanced mixer shown in
Fig. 1 was simulated with a sinusoidal LO waveform at fre-
quency of 1 GHz and the mixer’s output noise was measured
at frequency of 10 kHz using the Periodic Steady State (PSS)
analysis of the Cadence Spectre-RF simulator. The transistors
were designed in the 0.35- m standard CMOS process with a
supply voltage of 2.5 V. During simulation, the CG and NF per-
formance of the mixers with OFF and ON overlap are compared.
To compute the CG in simulation, a signal tone is applied at
the input RF port. CG can then be computed by dividing the
magnitude of the IF frequency component from the FFT of the
output signals by the magnitude of the input signal. When sim-
ulating the NF, the thermal noise coefficient was assumed to be
2.5, which is commonly used for the short-channel devices [5];
while the flicker noise coefficient was , which was
obtained experimentally.

The mixer operating in the ON and OFF overlap modes are
compared using both simulation and the proposed LPTV anal-
ysis. We assume that M1 and M2 are equally sized and the av-
erage power dissipation is set at 5 mW. The design parameters
are then the sizes of M1 and M3 (as denoted by and )
and .

For fixed at 100 m, the NF and CG become a func-
tion of and only. Fig. 7 plots the NF against for
ranging from 0.4 to 0.5. In this figure, the numerical results
using the PSS analysis are plotted as illustrated by the symbols
(i.e., circles and squares for the ON overlap mode, up-triangle
and down-triangle for the OFF overlap mode and plus when

) while the analytical solutions are represented by the
dot-line (for the ON overlap mode) and solid-line (for the OFF
overlap mode). A close agreement between our analysis and the
PSS simulation is observed.

From Fig. 7, the mixer operating in the OFF overlap mode
outperforms the mixer in the ON overlap mode. As increases,
the NF for the ON overlap mode improves. In contrast, the NF
for the OFF overlap degrades and eventually the NF for both
switching modes are the same when %. Although re-
ducing improves the NF when operating in the OFF overlap
mode, the improvement is marginal for less than 40%.
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Fig. 7. Noise figure of the ON and OFF overlap modes versus W1 for W3 =

100 um and varying �. The dot-line and solid-line respectively represent the
analytical results for the ON and OFF overlap mode while the symbols represent
numerical results.

Fig. 8. Noise figure of the ON and OFF overlap modes versus W1 for � = 0:45
and varying W1. The dot-line and solid-line respectively represent the analytical
results for ON and OFF overlap mode while the symbols represent numerical
results.

For a given , the minimum NF occurs at a particular
regardless of the switching modes. When is small, the NF
is high because the flicker noise introduced by M1 and M2 is
large. As is increased, the NF drops until the gate-source
capacitance of M1 and M2 cause to become large, causing
the indirect noise to become significant. In the example shown
in Fig. 7, the optimum occurs at 100 um when % is
assumed.

In Fig. 8, NF is plotted against for ranging from
100 m to 200 m assuming %. By increasing from
100 m to 200 m, the optimum also increases and the re-
sulting NF is reduced from 20 dB to 17 dB. Although not shown,
the NF improvement with increasing and is at the ex-
pense of reduced mixer bandwidth.

Figs. 9 and 10 plot the CG as a function of for the same
operating conditions as in Figs. 7 and 8, respectively. Compared
to the OFF overlap mode, the CG of the ON overlap mode is
less sensitive to . For both switching modes, the CG improves

Fig. 9. Conversion gain of the ON and OFF overlap mode versus W1 forWWW3 =

100 um and varying �. The dot-line and solid-line respectively represent the
analytical results for ON and OFF overlap mode while the symbols represent
numerical results.

Fig. 10. Conversion gain of the ON and OFF overlap mode versus W1 for
� = 0:45 and varying W3. The dot-line and solid-line respectively represent
the analytical results for ON and OFF overlap mode while the symbols repre-
sent numerical results.

as and/or increase but saturates for large and .
Again, this CG improvement is at the expense of reduced mixer
bandwidth.

VI. MEASUREMENT RESULTS

To validate the mixer concept experimentally, the single-bal-
anced mixer shown in Fig. 1 was fabricated in TSMC 0.35- m
CMOS technology. The switches and the transconductance tran-
sistors were equally sized at 200 m/0.35 m according to the
analysis in the preceding section. The supply voltage is at 2.5 V
and the load resistors are 1 k to provide sufficient gain. A block
diagram of the test setup is illustrated in Fig. 11. The chip pho-
tograph of the mixer core is shown in Fig. 12. As shown in
Fig. 11, the gate of the switched transistors and the transcon-
ductance transistor were biased at a constant voltage and a sinu-
soidal LO signal was applied on the switched differential pairs
through a balun. To measure the output noise, a low noise cur-
rent preamplifier was implemented using LT1007. The resulting
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Fig. 11. Diagram for testing.

Fig. 12. Chip photograph of the mixer core.

amplified current noise is further amplified then fed to the spec-
trum analyzer.

As discussed in the preceding section, the optimum is 50%
for the ON overlap mode and 40%–45% for the OFF overlap
mode. To allow for the mixer to operate at approximately

% for the ON overlap mode, M1 and M2 bias voltage
(i.e., ) needs to be greater than and the LO
switching amplitude must be large, e.g., V
and V. In the OFF overlap mode, V and

V so that 42% [according to (1)]. When the
LO swings below 0V in the OFF overlap mode, the voltage is
clipped by a diode (e.g., ESD).

Fig. 13 presents the measured mixer output current noise PSD
between 10 kHz and 500 kHz at two LO frequencies :
1 GHz and 3 GHz. The gate bias of M3 is adjusted so that the
average current is 2 mA (or equivalently 5 mW). For ref-
erence, the PSD of the flicker noise measured when the constant
bias V is applied to the switches is also included. As
shown in Fig. 13, the measured noise is the flicker noise as its
spectrum clearly exhibits a frequency dependency with the
power factor being very close to unity. Even with the linear
piecewise approximation, a close agreement between the mea-
surement results (as illustrated by the symbols) and our analysis
using (19) (as illustrated by the dot lines) is observed.

The OFF overlap mode yields a 5 dB reduction in the output
noise compared to the ON overlap mode for LO frequency of
1 GHz. This improvement diminishes to approximately 2 dB
for LO frequency of 3 GHz. This reduction in the NF gap be-
tween the ON and OFF overlap modes occurs with increasing

Fig. 13. Measured flicker noise PSD.

Fig. 14. Measured NF and conversion gain against current at f = 1 MHz.

frequency because of the difficulty in discharging the tail capac-
itor. To further validate our model, the performance of the mixer
was measured and compared with the simulation results over a
wide range of operation points.

With the same and as above, Figs. 14 and 15 present
the measured NF and conversion gain of the two mixers against
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Fig. 15. Measured NF and conversion gain against current at f = 10 kHz.

at different IF frequencies: 1 MHz and 10 kHz. The dif-
ferences in NF between the ON and OFF overlap mode remain
roughly the same regardless of the power dissipated. In contrast,
we observe that the loss in conversion gain is negligible when
the two mixers are compared under the same power dissipation
at low LO frequency, i.e., 1 GHz in this example, which is con-
sistent with the predictions from intuition. However, the loss in
conversion gain increases at higher LO frequency. As a result,
the advantage of reducing NF in the mixer when operating in
the OFF overlap mode may be offset by the loss in gain.

As shown in Figs. 14 and 15, a close agreement between the
measurement results and our analysis is observed at different

. In addition, the measured NF and conversion gain against
match well with the predictions from our analysis, as shown

in Figs. 16 and 17. Once again, all these results justify the va-
lidity of our analysis.

Consider that is 3 mA, which can be achieved by prop-
erly adjusting the gate bias voltage of the transconductance tran-
sistor, and remains the same as above, i.e., 1 V for the ON
and 0 V for the OFF overlap mode. Figs. 18 and 19 present the
simulated and measured NF and conversion gain against at
two IF frequencies: 1 MHz and 10 kHz. The conversion gain of
the mixer operating in the OFF overlap mode is more sensitive
to than in the ON overlap mode. This is because, as the

Fig. 16. Measured NF and conversion gain against f at f = 1 MHz.

LO amplitude increases from , M3 experiences a transition
from linear to saturation during the non-overlap time interval.
As a result, of M3 becomes more sensitive to the LO am-
plitude variation when the LO amplitude is small (or M3 is in
linear region) than when the LO amplitude is large (or M3 is in
saturation). As the conversion gain is determined by of the
transconductance transistor M3, the conversion gain is sensitive
to the LO amplitude only when the LO amplitude is close to .

Based on our analysis, the noise reduction mainly depends
on , which is determined by . Before computing using
(1), we obtain by running the transient analysis in
SPICE. Although not explicitly specified, in Figs. 18 and 19
for the ON overlap mode is approximately equal to 50% when

is greater than 0.8 V; whereas for the OFF overlap mode
it begins to increase when V and eventually ap-
proaches to 42% when V. As we reduce the LO ampli-
tudes, the noise figure curves for the two overlap modes actually
cross each other. Specifically, compared with the mixer in the
ON overlap mode, the mixer noise figure for the OFF overlap
mode is higher at small LO amplitudes whereas it is lower at
large LO amplitudes. The reason is that at small LO amplitudes
the conversion gain for the OFF overlap is low, resulting in in-
creased noise figure. As LO amplitude increases, the conversion
gain improves and becomes similar to that for the ON overlap.
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Fig. 17. Measured NF and conversion gain against f at f = 10 kHz.

This increased conversion gain significantly improves the noise
figure of the mixer in the OFF overlap mode.

In Figs. 14–19, the theoretical NF predictions using both (26)
and (31) are similar at low IF frequency (e.g., 10 kHz). At higher
IF frequency (e.g., 1 MHz), the difference increases (by 3 dB)
because the first two terms in (26), which were assumed negli-
gible when obtaining (31), become more significant relative to
the third term in (26).

Figs. 20 and 21 show the two linearity metrics of the mixers:
IIP2 and IIP3, which are measured and plotted against ,
assuming the LO signal at 1 GHz. For both figures,

V and V for the ON overlap mode, and
V and V for the OFF overlap mode. Under this

assumption, the linearity of the mixers for the ON and OFF
overlap modes are compared. Although better IIP3 is observed
in the former mixer, it suffers from poorer IIP2 performance
compared with the latter mixer. The reasons are as follows.
As the transconductance transistor is more linear in the former
mixer, less third-order intermodulation product is generated be-
fore downconversion to the baseband. On the other hand, less
low-frequency second-order intermodulation product is leaked
to the output of the latter mixer due to the OFF overlap.

Fig. 18. Measured NF and conversion gain against A at f = 1 MHz.

VII. CONCLUSION

To better analyze the noise performance in a mixer, a simple
analytical LPTV circuit model is proposed. This model employs
a linear piecewise approximation to describe the periodically
time-varying behavior of the small-signal parameters. The pro-
posed analysis can be shown to be a generalization of existing
LPTV mixer models, which assumes that the mixer is a mem-
oryless device and, as a result, is valid for low frequency only.
Using this model, the thermal noise folding and flicker noise
leakage can be better understood. The performance advantage
of having the mixer operate in the OFF overlap is demonstrated
by simulations, analysis, and experimental measurements.

APPENDIX

For a general (time-varying) linear system, the relation be-
tween the input and the output can be given by

(A1)
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Fig. 19. Measured NF and conversion gain against A at f = 10 kHz.

where is the impulse response with denoting the launch
time and denoting the observation time, and is the
time-varying transfer function with denoting the angular fre-
quency corresponding to the delay . In (A1),
and are a pair of Fourier transform with respect to ,
i.e.,

(A2)

The common approach to analyze the mixers driven by the pe-
riodic LO signal is to model it as a linear periodic time-varying
(LPTV) system. For an LPTV system, and are
periodic with respective to . Therefore, they can be represented
by a Fourier series (assumed to converge), i.e.,

(A3)

Fig. 20. Measured IIP2 against current at f = 1 GHz.

Fig. 21. Measured IIP3 against current at f = 1 GHz.

where is the harmonic impulse response and is
the harmonic transfer function. Similarly, and
are another pair of Fourier transform, i.e.,

(A4)

Substituting (A3) and (A4) into (A1) and taking the Fourier
transform to the resulting , we obtain

(A5)

where is the angular frequency corresponding to and is
the Fourier transform of . According to (A5), the frequency
translation can be made possible in an LPTV system like the
mixers.

Suppose that is a wide-sense-stationary (WSS) process,
can be shown to a cyclostationary process. Unlike the

WSS process, the power spectral densities (PSD) of the cyclo-
stationary process at any two frequencies that are separated by
multiples of are correlated. This correlation in different



LERDWORATAWEE AND NAMGOONG: GENERALIZED LINEAR PERIODIC TIME-VARYING ANALYSIS FOR NOISE REDUCTION IN AN ACTIVE MIXER 1351

frequencies is a potential problem in the mixers. To avoid this
problem, a filter with bandwidth less than is generally as-
sumed at the output of the mixers. As a result, the mixer output
becomes stationary and the resulting correlation function is
simply the time average correlation function of as given by

(A6)

where is the correlation time period and

(A7)

Note that the bottom of (A6) is obtained by substituting (A1)
and (A3) into the top of (A6). By taking the Fourier transform
of in (A6), the PSD of after low-pass filtering can be
given by

(A8)

where is the angular frequency corresponding to and
is the PSD of . For a memoryless LPTV system,

and therefore and . As a
result, according to (A1) and its PSD reduces to

, according to (A8),
which are assumed in the conventional analysis for the mixers.
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