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Mixers continue to play a critical role
in RF and microwave systems that
employ frequency conversion. Although much has been written concerning the theory and operation of
mixers, the purpose of this article is
to present some highlights of these
details as they relate to passive mixer
design, theory, realization, and usage.

Mixer Theory
To achieve frequency conversion, a
periodic signal having frequency, fp, is
modulated by a periodic conductance
(or resistance) waveform having frequency, f,. The current resulting from
the RF voltage being modulated by the
fundamental component of the conductance waveform contains the sum
and difference IF products: fp + fj, and
fp - f, or f,, - fp. The other undesired
currents generated are intermodulation products having frequencies of
nf, + fp, where n is an integer. Intermodulation products have also been
referred to as idlers. In the case of an
active mixer, one having conversion
gain, the conductance waveform is
that of one or more transistors. In the
case of a passive mixer, which has conversion loss, the conductance waveform is generally that of one or more
Schottky-barrier diodes. Increasingly,
however, MESFET devices have been
used instead of diodes to achieve wider
dynamic range in passive mixers.
Analysis of the frequency conversion
properties of mixers is non-trivial. The
simplest model, which perhaps gives
the best intuitive understanding of the
mixing process is the linear phasereversal mixer [1].
This model assumes the diode is nonreactive and acts as a linear rectifier,
having a square-wave resistance waveform with zero forward and infinite
backward resistances. The mixer is
considered linear because the values
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of the circuit elements, including diode
conductance, are independent of RF
and LO levels. It has been shown that
this model approximates the Schottky
diode mixer closely enough to formulate theoretical limits for conversionloss and intermodulation suppression [2,3]. Figure 1 shows a conventional double-balanced diode mixer.
During positive LO cycles, diodes D1
and D2 are turned on while D3 and D4
are off. The opposite is the case during
-negative LO cycles. This causes the
RF (signal) voltage as seen by the IF
port to change phase by 180 degrees
every time the LO signal changes
polarity. This can be represented
mathematically by multiplying the
sinusoidal signal voltage with the
Fourier series for the square-wave
switching function:
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and RF-to-IF conversion loss is given
by:
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prise the two sidebands that are adjacent to each LO harmonic, and have
frequencies of f,, = nf, + ffp, where n
are integers greater than one. Figure 2
shows that the spectrum of signals
present in a mixer includes the LO, IF,
image, LO harmonics, and idlers [4).

Summary of Mixer Analysis
Methods

The 2/r term is the ratio of the signal
voltage to IF voltage. Equations 1
through 3 assume that the RF and IF
ports are conjugately matched, all
intermodulation (IM) products are
resistively terminated, and no parasitic resistive or reactive losses exist.
The above analysis has been generalized to show that when matched loads
are presented to each IM product, and
the RF, IF, and image signals are
conjugately matched, the theoretical
minimum conversion loss is 3.92 dB.
Also, when all IM products and the
sum (f;,+ fp) product are reactively
terminated, the IF is conjugately
matched, and the RF and image signals are identically terminated, then
the theoretical minimum conversion
loss is 3 dB, with the lost energy
equally divided between conversion to
the image, and reflection-loss at the
signal frequency [3]. The image, in this
context, is a mixer-generated product
having a frequency of 2f; - fp. As discussed later in this paper, in the context of image-rejection, the image
refers to noise or signal power having
frequency, 2f;, - fp, that enters the
mixer along with the RF signal. Idlers
are intermodulation products that are
associated with each mixer-generated
LO harmonic. Idlers of order n com-

The classical analysis of frequency
conversion is given by Torrey and
Whitmer [5] for a single exponential
diode with small-signal RF and largesignal LO voltages applied. The
analysis considers the RF, IF, and
image signals to be at low levels compared with the LO. This allows these
three signals to be considered as variations of the LO voltage and current
harmonics. The result is that their
voltage and current waveforms are
linearly related through an admittance matrix representing the mixer,
with conversion loss being given as a
function of diode conductance. The
mixer can thus be regarded as a linear
network with separate terminals at
the RF, image, and IF frequencies.
Theoretical minimum conversion loss
is shown to be about 3.9 dB for the
case where signal and image frequencies are terminated in the same resistance, and about 2.5 dB for the case
where the image is short or open circuited. These theoretical values vary
depending on the current-voltage
characteristics of the particular diode
used. Actual conversion loss values
are shown to be higher due to junction
capacitance and spreading resistance.
More recently, Saleh [4], extended the
foregoing analysis to include what he
termed the Z, Y, G and H mixers. In
the Y and Z mixers, all the idlers are
short circuited and open circuited,
respectively. In the G-mixer, the oddorder idlers (including the image) are
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spectrum of mixing products.
short circuited and the even-order ones
(including the sum product) are open
circuited. The reverse is true for the
H mixer. It is shown that the optimum
conductance waveform for the Y and
Z mixers is a series of pulses, with
duty cycle related to the ratio of “on
to off’ resistances of the diode. The
optimum conductance waveform for
the G and H mixers is a square wave
that is independent of the “on-to-off”
resistance ratio. Saleh found the theoretical limit for conversion loss to be
0 dB for all idlers reactively terminated and the image short or open
circuited. These four types of mixers
are theoretical and are not perfectly
realizable in practical circuits.
During the last two decades, computers have increasingly been used to
analyze mixers. This approach has
obviated the need for many previously
required limiting assumptions such as
a sinusoidal LO voltage at the diode,
4

constant (linear) diode-junction @
capacitance, and termination of idlers
and LO harmonics in open or short
circuits. The general method is to
determine the diode conductance
waveform resulting from the applied
LO, expand this waveform into a
Fourier series and relate the resulting
harmonics to mixing products through
a conversion matrix. The mixer is
represented as a linear network with a
separate port for each frequency,
allowing each signal to be terminated
independently. Maas has given a
detailed description of this process [6].
Non-linear microwave CAD programs
are available from various companies.
Three of these programs were evaluated. One did not successfully converge for a four-diode mixer; however,
convergence for a single-MESFET
mixer took only one minute, with conversion loss being within 1 dB of
measured values. The other two pro-

grams were evaluated using the fourdiode double-balanced mixer examples
supplied with the software. Convergence took about 11 minutes, which
resulted in reasonable conversion loss
of values.

Mixer Parameters and

Optimization
The major goals of mixer design are
to minimize conversion loss, noise
figure, and intermodulation distortion.
Other important parameters to optimize include VSWR and compression.
Conversion Loss
Conversion loss has three major components: RF and IF mismatch loss,
loss in the diode spreading resistance,
and loss in the diode junction due to
junction resistance and generation of
IM products. A theoretical example
has been given (7) showing that mismatch loss is typically 1 dB or less,
but can range from infinite to 0 dB;
loss in the spreading resistance is
about 1 dB, and loss in the junction is
about 4 dB, for a total of 5 to 8 dB
in a well-designed mixer.
In double-balanced mixers, the RF
input and image signals share the RF
port, while the IF and sum products
share the IF port. It has been shown
that conversion loss can vary up to

Analyzer

2 dB by open or short circuiting the
image(s]. This method is used to
reduce (enhance) mixer conversion
loss. Maas has shown that presenting
a short circuit or capacitive termination, to the image provides the best
tradeoff among conversion loss, noise
figure and third-order intermodulation. An open circuit or inductive
image termination, can result in significantly degraded noise figure and
third-order intermodulation performance [9]. Filtering and phase cancellation [10] have been used to achieve
image enhancement, with the filtering
method predominant.
Conversion loss can vary by up to
5 dB by simultaneously reactively terminating the 2f,,, image and sum
products [11]. To measure the effect of
varying these termination impedances, a WJ-M50 mixer, which covers
2 to 26 GHz at the RF and LO ports,
and 1 to 15 GHz at the IF port, was
tested as shown in Figure 3.
Figure 4A shows experimental conversion-loss variation as a function of the
line length (L1), which is between
the bandpass filter and the RF port of
the mixer. The BPF passes the RF but
rejects the image and 2 F;, frequencies.
Figure 4B shows conversion-loss variation as a function of the line length
(L2), which is between the low-pass
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filter and the I-port of the WJ-M50.
The LPF passes the IF, but rejects the
sum frequency. For this experiment,
f; = 4.5 GHz, fp = 3.0 GHz and fip =
1.5 GHz. It was found that for minimum and maximum conversion loss,
L1 and L2 are independent of each
other. Minimum and maximum conversion loss values for the WJ-M50
were found to be about 4.3 dB and
9.5 dB, respectively, excluding filter
and variable-line losses.
Results like these show that mixers,
such as the WJ-M8H-3, having conversion loss of 4 to 5 dB or less, must
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employ enhancement techniques. They
also indicate that for swept frequencles, Serious conversion-loss ripple can
result when filters are placed adjacent
to broadband mixer RF or IF ports.
Placing attenuators adjacent to the
mixer ports will reduce conversion-loss
ripple. Further experimental data
shows that ripple can be reduced from
5 dB to approximately 2.5 dB peak-topeak, at the expense of increasing
conversion loss, by placing a 3-dB
attenuator at the RF or IF ports of
the mixer. Conversion-loss ripple
caused by a varying sum-frequency
termination, can also be minimized by

using a mixer with a low-pass IF port
that reflects the sum product energy
back into the diodes. Also, filter networks with constant impedance as a
function of frequency can be used to
control ripple.

results show that the 2f,, product
termination can be as significant as
the image when considering conversion-loss enhancement.

The non-cyclical results in Figures 4A
and 4B have been reported previously [12] and are attributed to reflections of the second harmonic of the

The single sideband (SSB) noise figure
is defined as:

LO, in addition to the image. To test
this, the RF and LO frequencies were
changed, and the BPF at the RF port
was replaced with one that passes the

image, but rejects the 2f; product.
This resulted in conversion-loss variation as a function of L2 being reduced
from 5 dB to 2 dB, and corresponding

Noise Figure

NF = 10 log |Py out/(Pnin X G)]
= 10 log F
where,

Py out

= Available noise output

Pyin

= Available noise input

power at IF frequency

G

to variations in the level of the 2f;,
product exiting the RF port. These

F

power at RF frequency
= Available power gain
(algebraic ratio)
= Noise factor

(4)

The SSB noise factor is often described
in terms of equivalent input noise
temperature, T,,SSB [7]:
TnssB

(5)

where, IT, = 290°K
Noise figure for passive devices is
equal to the reciprocal of available
power gain, as long as both the noise
source and the passive device are at
the same temperature. This implies
that mixer noise figure equals conversion loss; but, Kerr and others have
shown that this is not strictly true:
theoretically, mixer noise figure is
equivalent to that of an attenuator
having effective noise temperature
Ty equal to nT/2, where n is the diode
ideality factor and T is the diode
physical temperature. This results in
noise factor for a SSB mixer, one
having infinite image conversion-loss,
being given as [6]:

Tmssp = (nT/2) (L-1)

(6)

where L is algebraic RF-to-IF conversion-loss. This is true for an ideal
mixer in which all idler frequencies
are reactively terminated. However,
actual mixer noise-factor values tend
to be higher, in part due to partial
correlation of down-converted shotnoise power, which is generated by the
time varying diode series resistance.
The predominant sources of noise in
Schottky diodes are thermal (Johnson)
noise in the series resistance, shot
noise generated by current flow across
the barrier (7) and flicker (1/f) noise.
Thermal noise is generated by random current fluctuations in any resistor with no external voltage present.
Shot noise results from a stream of
electrons moving through the diode
barrier at random velocities, while
producing an average dc current.
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Thermal noise is a limiting form of
shot noise with zero bias applied.
Flicker noise is present in many devices, including carbon resistors and
silicon diodes when current is flowing
in them. For low frequencies (below
approximately 1 MHz), flicker-noise
power is approximately proportional
to 1/f, where f is the operating frequency [13]. Flicker noise in a Schottky
diode is related to surface-state density [14].
In addition to the above mechanisms
of noise generation, noise may become
present

at the mixer

output due to

reciprocal mixing, cross modulation
and imperfect LO-AM rejection. Reciprocal mixing causes noise present on
the LO signal to be transferred to the
IF output when a second RF input at
a high level becomes present at the
mixer RF input [15]. Rejection of AM
noise on the LO is achieved in
balanced mixers in the same manner
as L-to-I isolation. Phase noise on the
LO, however, is directly transferred
to the IF signal. The magnitude of
the peak phase deviation is multiplied
in harmonic mixers by the LO harmonic number.
Intermodulation
Intermodulation (IM) distortion causes
output products to be generated at frequencies of:
f = + nfj, + mfp; + mofpot...
(7)
where n, mj, mg, ... are integers. The
value, n, is called the order of modula-

tion, while the sum (/m| +|mag| +...)
is referred to as the order of intermodulation. As shown by equation 1,
the linear square-wave phase-reversal
mixer generates IM products with frequencies of f = nf; + fp. IM products
with intermodulation orders greater
than one are generated by incremental
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diode nonlinearity and overloading,
and can be considered nonlinear IM
products (16). Overloading in diode
mixers occurs as the RF signal level
approaches the LO level, causing
switching time to become a function of
RF as well as LO voltage.
It is important to identify the IM
products present in the IF output
passband. This is easily done in a
graphical manner for single-tone
products using charts such as those
shown in Figures 5A and 5B, which
are for down- and up-conversion,
respectively. An example of their
usage is given in Appendix A. Computer-generated IM search programs
are also very helpful in identifying the
frequencies of IM products [6,17].
IM suppression for single and twotone products are generally of most
interest. The order of intermodulation
is important because it describes the
behavior of the relative suppression
between the IM and IF products as
the RF input power is. varied. For
example, the two-tone, third-order IM
product at
f=f,+ 2 fp, - fro, for
Prr, = Prre << Pyo, varies 3 dB for
every 1 dB of variation in the IF
product as Ppp, and Pres are varied.
This behavior generally applies to all
orders of intermodulation for any
number of input tones. It gives rise to
the concept of input intercept point,
which equals the extrapolated input
power to the mixer (at each tone) that
would cause the output power levels of
the IM and IF products to become
equal. The benefit of using the intercept method is that instead of having
to state both the input power level and
relative level of suppression, only the
intercept point needs to be stated
because suppression is assumed to be
0 dB. Input intercept is given by:
SIIP (dBm)

=

eS

Suppression

=

Tagartsh, | ae

where:

Pprin =

Input RF Power for each
tone; in dBm.
(8)

For example, the two-tone, third-order
input intercept point for a mixer with
Prri = Prre = -10 dBm, and relative
suppression of 60 dBc, is:
3IIP = [60/(3-1)] — 10 = + 20 dBm
(9)
Output intercept point equals input
intercept point plus device available
power gain. It can be shown that the
theoretical third-order input intercept
point caused by overloading in the
linear phase-reversal mixer is equal
to Po (dBm) + 9.0 dB,2). In practice,
the third-order input intercept point
for diode mixers ranges from about 0
to
5dB above the LO power. It is
higher for passive MESFET mixers
because the FET conductance waveform is more linear, and overloading
is minimized by separating the RF
and LO voltages so that high RF
levels are less able to phase modulate
the conductance waveform [18,19,20].
Since overloading is caused by the
interference of the RF signal with the
LO, its effects can be reduced by using
a square-wave LO, assuming the RF
voltage level remains below that of the
LO. IM suppression caused by overloading in a double-balanced mixer
has been given for various products
as a function of diode and circuit
imbalance [21).
Non-linear intermodulation can be
reduced by placing a resistor in series
with each mixer diode, thus, reducing
its overall non-linearity (22). Also,
placing two diodes in series or in
parallel reduces intermodulation.
Various classes of mixers with these
configurations have been described by
Cheadle, and are given in Figure 6.
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Figure 6. The various classes of mixer-diode configurations.

Cross Modulation
Cross modulation is the process
whereby modulation or noise that is
present on an adjacent strong RF
input signal is made to appear on the
IF output signal. This is similar to
reciprocal mixing, in which the noise
originates from the LO signal. A
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method of computing cross modulation levels has been given by
Gretsch (23).
Part 2 of Mixers in Microwave Systems will discuss such topics as
impedance matching, diode-mixer
design, mixer realization, and use of
mixers.

Appendix A: IM Chart Examples
Use of Figures 5A and 5B is
straight forward. These charts
comprise the family of lines:

four =n +m

fqn

Where f’oyy; and f’ij are the
output and input frequencies,
respectively, normalized by the
LO frequency. In Figure 5A the
L-R and R-L lines represent the
transfer functions for input-tooutput frequency for the IF prod-

uct when fp < f;, and f,, < fp,
respectively. The goal is to determine which IM products will
appear within the IF passband
for given values of fip, fp and fr.
For example, when fp = 6 to
8 GHz, f,, =

©

10 GHz

and fir =2
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