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Abstract—We describe a straightforward method of separately
characterizing up-conversion and down-conversion in microwave
mixers using a sampling oscilloscope. The method mismatch-
corrects the results, determines both magnitude and phase, and
uses a novel time-base correction scheme to improve the accuracy
of the measurements. We estimate our measurement accuracy to
be on the order of a tenth of a decibel in magnitude and a few
degrees in phase. We use the method to characterize the
magnitude and phase reciprocity of a microwave mixer.

Index Terms—Down-conversion, frequency translation, jitter
correction, magnitude measurement, mismatch correction, mixer
measurement, mixer  reciprocity,  oscilloscope,  phase
measurement, time-base correction, up-conversion.

. INTRODUCTION

WE demonstrate separate mismatch-corrected
measurements of the magnitude and phase of a
microwave mixer’s up-conversion and down-conversion
transfer functions. The method uses a conventional sampling
oscilloscope to measure the input and output signals of the
mixer, and a vector network analyzer (VNA) to perform
measurements required for the mismatch corrections. We also
employ a novel measurement setup and algorithm to correct for
jitter, drift, and distortion in the oscilloscope’s time base. The
resulting measurements are accurate enough to characterize
“golden” diode-based reference mixers suitable for use with
multi-frequency VNAs equipped for mixer characterization.
Microwave mixer measurements are, in general, quite
complicated because the input and output frequencies of the
mixers are different. In addition, Torrey and Whitmer observed
in 1948 that mixers are not in general reciprocal [1]: that is, the
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up-conversion and down-conversion transfer functions of even
diode-based mixers are not generally equal. Thus, a complete
characterization of a microwave mixer requires that the up-
conversion and down-conversion transfer functions be
measured separately [1;2].

It is possible to use a single-frequency VNA to measure the
“round-trip” product of the up-conversion and down-
conversion transfer functions of a mixer using de-embedding
methods [3-5]. These approaches are based on measuring the
input impedance of the mixer at its input port while connecting
a number of known impedances to the output port of the mixer.

These methods are similar to de-embedding methods used to
characterize electrical adapters and transitions at microwave
frequencies [6], and are easy to perform because the VNA
impedance measurements need be performed at only a single
frequency at the input port of the mixer. However, these
methods measure the mean of the mixer’s up-conversion and
down-conversion transfer functions, and cannot distinguish
differences between them. This is because the transfer function
of the mixer is measured by signals that first go forward
through the mixer, are then reflected off the load connected to
the mixer’s output port, and finally traverse backward through
the mixer again,

The magnitude of the up-conversion and down-conversion
loss of a mixer can be measured directly with a VNA and
supplementary power calibration, as described in [3] or [7].
However, this “power-meter-calibrated” VNA approach does
not measure the phase of the mixer transfer function. Thus
separately characterizing the phase response of a mixer is still
the most difficult aspect of its characterization, and
characterizing the difference in the phase of the up-converted
and down-converted signals of microwave mixers, and
particularly of diode-based reference mixers, remains
problematic.

Reference mixers are often characterized with the “three-
mixer method.” This method is based on VNA measurements
of the product of signals up-converted by one mixer and down-
converted by another. These measurements are fairly
straightforward, as the frequencies of the incident and reflected
signal at the mixer port are the same. When three mixers are
measured in various combinations [8-12], it is possible to
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Fig. 1. Our measurement setup. Not shown in the figure are an
isolator in the LO path and 16 dB attenuators at the two output
ports of the lower splitter that prevent signals reflected from or
generated in the mixer from interfering with the signals on
channels 1, 2, and 4.

uniquely determine the separate up-conversion and down-
conversion transfer functions of all three mixers if one of the
three mixers is reciprocal. However, this still leaves open the
question of how one determines that the phase response of one
of the three mixers is reciprocal.

Van Moer and Rolain suggested an approach for separately
measuring the phase of the up-conversion and down-
conversion transfer functions of microwave mixers with a
three-port large-signal network analyzer (LSNA) in [13]. The
LSNA measures separately the signals at all three ports of the
mixer, and is thus able to measure both the magnitude and
phase of the up-conversion and down-conversion transfer
functions separately. While this method is extremely precise, it
requires custom instrumentation and lacks the frequency
resolution to adequately characterize a mixer’s phase
reciprocity in the conventional way. In [13] the authors did not
account for the effect of the local oscillator phase in the
conventional way, resulting in apparent non-reciprocal
behavior.

Boulejfen, et al. [14] suggest a similar approach that
overcomes the frequency restrictions of [13]. However, their
approach is based on a custom setup requiring a number of
couplers, switches, a microwave transition analyzer, and other
components.

Nevertheless, microwave mixers are most commonly
characterized with a VNA and a diode reference mixer whose
up-conversion and down-conversion transfer functions have
already been determined by other means [8-12]. Typically,
these methods of characterizing the reference mixer assume
phase reciprocity.

Here, we develop a measurement approach based on widely

available sampling oscilloscopes for characterizing microwave
mixers. The procedure measures separately both the magnitude
and phase of the up-conversion and down-conversion transfer
functions of a microwave mixer on a nearly arbitrary frequency
grid. The approach is accurate and greatly simplifies the
characterization of reference mixers for VNA calibrations.

Il. MEASUREMENT SYSTEM

We use a four-channel oscilloscope and the setup shown in
Fig. 1 to measure the two transfer functions of microwave
mixers. We first characterize the signal from the source at the
input of the mixer by connecting the source output at A to
channel three of the oscilloscope. This requires removing the
mixer from the setup and inserting an adapter in its place.
During the source characterization, we also measure the
reference signal on channel 4. This reference signal helps us to
later reconstruct the actual magnitude of the signal at A when
the mixer is being tested.

After characterizing the relationships between the source
signal at A and the signal measured on channel 4 of the
oscilloscope, we insert the mixer as shown in the figure. We
then measure the signal at B at the output of the mixer on
channel 3 of the oscilloscope. Since we are able to determine
the magnitude and phase of the signal at the mixer’s input port
at A from our measurement on channel 4, after correcting for
mismatch, we can directly calculate the difference in the
magnitude and phase between the input and output signals of
the mixer, and thus determine its transfer function in the setup.

During all of the measurements, we simultaneously measure
“copies” of the local oscillator and source signals on channels
1, 2, and 4 of the oscilloscope to correct for drift and jitter in
the oscilloscope time base, as described below. This allows us
to set the time reference for our measurements to a constant
phase of the local oscillator, and to better determine the relative
phases of all of the signals in the experiment in the presence of
drift and jitter in the reference signals that lock the sources
together and trigger the oscilloscope, and in the presence of
distortion in the oscilloscope time base.

A. Time base

To establish a uniform time base for the sources and
oscilloscope, we lock the local oscillator and input sources
together and trigger the oscilloscope with the 10 MHz
reference signals shown in Fig. 1. If there were no jitter or drift
in these 10 MHz locking and trigger circuits relative to the
microwave sources and oscilloscope trigger, and if there were
no distortion in the oscilloscope time base, we would need only
the measurements of the signals at A and B in the figure to
accurately measure the transfer functions of the mixer.
Unfortunately, there is a great deal of jitter and drift in the 10
MHz locking circuits, and the distortion in the oscilloscope
time base is not negligible.

We surmount these problems by adding the splitters and
hybrid couplers shown in Fig. 1 to the measurement setup.
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Fig. 2. Typical oscilloscope traces measured during our

experiment before time-base and jitter correction. The thin traces
are the in-phase and quadrature copies of the local oscillator
measured on channels 1 and 2 of the oscilloscope. These traces
are used to establish the time base. The thick black line is the
copy of the signal going into the image port of the mixer measured
on channel 4 of the oscilloscope. The thick grey line is the signal
at the IF output of the mixer measured on channel 3 of the
oscilloscope.

These splitters and couplers allow us to measure copies of the
signals from the source and local oscillator simultaneously with
the measurements we perform on channel 3. The
supplementary measurements on channels 1, 2, and 4 of the
oscilloscope allow us to correct the time-base distortion in the
oscilloscope, and to track and correct for the jitter and drift in
the 10 MHz locking and trigger circuits.

The procedure that we use to correct for jitter, drift, and
time-base distortion is described in [15], and is based on the
fact that in our oscilloscope a single strobe is used to close the
four sampling gates. Since the same strobe pulse is then split
and used to close the sampling gates of the oscilloscope, the
voltage samples on each channel of the oscilloscope are taken
at nearly the same time. That is, the relative times between
when the samples are taken on each channel are almost
impervious to the much larger jitter and drift in the
oscilloscope time base, and remain very nearly the same even
in the presence of large overall drift and jitter.

The new time base for the measurements is based on first
fitting distorted sine waves to the copies of the local oscillator
signals we measure on channels 1 and 2 of the oscilloscope
[15]. These signals are indicated by thin black lines in Fig. 2.
Then, during the actual adapter and mixer measurements, we
use the algorithm described in [15] as implemented in the
freeware package [16] to adjust our estimates of the time that
the oscilloscope actually performed its measurement. This is
achieved by finding the measurement time for each sample that
best aligns the voltages measured on channels 1 and 2 of the

oscilloscope with our distorted-sine-wave fits. Since all four
samplers in the oscilloscope are driven by the same strobe
pulse, this procedure results in an extremely precise
determination of the measurement time with respect to the
local oscillator signals, and eliminates distortion in the
oscilloscope time base [15].

An important advantage of our new time base is that the
measurement time is determined in terms of the in-phase and
quadrature copies of the local oscillator signals we measure on
channels 1 and 2. This is extremely convenient, as we are able
to perform all of our measurements with respect to a fixed
local oscillator phase even as the input source and oscilloscope
timebases drift with respect to the local oscillator.
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Fig. 3. Reduction of the multifrequency up-conversion
measurement problem to a single-frequency equivalent circuit.
The ideal mixer conjugates [S], bs, and T’s as it is moved to the left
and combined with the source using the rules outlined in [17].

B. Source characterization

After establishing our time base for the measurements with
the local oscillator signals, we characterize the source (labeled
“input source” in Fig. 1). We do this by placing an adapter in
the setup where the mixer is shown in Fig. 1, and use channel 3
of the oscilloscope to measure the signal at the point marked
“B” just after the adapter. Then we determine the magnitude
and phase of the signal we are interested in by fitting a sine
wave to the temporal signal measured by the oscilloscope.
Finally, using a VNA measurement of the scattering parameters
of the adapter and the reflection coefficients of the source and
oscilloscope, we de-embed the measurement and determine the
magnitude and phase of the signal emanating from the source
at reference plane A.

During this source characterization step, we simultaneously
measure the copy of the source signal on channel 4 of the
oscilloscope, and determine its magnitude and phase by fitting
to a sine wave. This allows us to determine the relationship
between the magnitude and phase of the source signal at A and
the magnitude and phase of the signal measured on channel 4
of the oscilloscope. Later we determine the magnitude and
phase of the input signal at A in Fig. 1 from our measurements
on channel 4 of the oscilloscope during the actual mixer tests.
To ensure fixed relationships between the signal measured on
channel 4 and the signal at A, we inserted two 16 dB
attenuators (not shown in Fig. 1) on the two output ports of the
lower splitter in the figure to prevent signals reflected by the
mixer or oscilloscope port 3 from reflecting back and being
measured on channel 4 of the oscilloscope.

C. Mixer characterization

Next we characterize the mixer itself. We begin by removing
the adapter and inserting the mixer in its place. During this
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Fig. 4. Reduction of the multifrequency down-conversion
measurement problem to a single-frequency equivalent circuit.
The ideal mixer conjugates only bs and T's as it is combined with
the source using the rules outlined in [17].

phase of the measurement procedure the setup is as shown in
Fig. 1. We measure the up-converted signal at the point marked
“B” in the figure emanating from the mixer on channel 3 of the
oscilloscope, as well as the copies of the source and local
oscillator signals discussed above on the other channels of the
oscilloscope. Fig. 2 plots typical signals we measure on the
four channels of the oscilloscope.

Next we calculate the actual source voltage vs at point A in
Fig. 1 from the reference voltage v, measured on channel 4 of
the oscilloscope with v = vg(V,/v,1), where vg; is the voltage of
the source we characterized with the adapter in place, and vy,
was the voltage we measured on channel 4 of the oscilloscope
when we characterized the source voltage vs;. Again, we use
sine wave fits to determine the magnitudes and phases of these
voltages.

Finally we reverse the direction of the mixer and measure the
down-converted signal emanating from the mixer at B. Again,
we use our measurement on channel 4 to compensate for drift
in the measurement setup. A comparison of the magnitude and
phase of these signals allows us to determine the magnitude
and phase of the up-conversion and down-conversion transfer
functions of the mixer.

D. Transformation to a single-frequency problem

Once we have determined the magnitude and phase of the
signals at the input A to the mixer and the output B of the
mixer, we are ready to account for all of the mismatches in the
measurement system, and to solve for the mixer transfer
functions. We begin this correction process by measuring the
reflection coefficients of the mixer with a VNA using the
method of [3]. This is a straightforward process since it
involves  measuring only single-frequency reflection
coefficients of the mixer with various loads terminating the
other port of the mixer.
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These measurements, when combined with the reflection
coefficient of the oscilloscope on channel 3 we measured
previously at point B in Fig. 1 and the source impedance we
measured previously at point A in Fig. 1, leaves us with only
two unknowns in the measurements, the up-conversion and
down-conversion transfer functions of the mixer. We
determined these two unknown transfer functions by iteratively
adjusting them until the up-converted and down-converted
voltages we calculated from an equivalent-circuit model of our
measurement setup agree with the up-converted and down-
converted voltages we measured on channel 3 of the
oscilloscope.

We used the mixer representations and procedures described
in [17] to transform the multifrequency setup of Fig. 1 to a
single-frequency problem. While, as explained in [17], this
requires some bookkeeping to properly match up the different
frequencies in the problem, it greatly simplifies the models and
the calculations. Following [17], we represented our mixer,
which is surrounded by the dashed boxes in the equivalent
circuits of Figs. 3 and 4, with a scattering parameter “error
box” and an ideal mixer. The ideal mixer has an unknown but
constant local oscillator phase represented by the phase of a, o,
where |a o = 1.

In our experiments, we used an image mixer. Figures 3 and 4
illustrate the procedure for an image mixer: similar procedures
for an RF mixer are presented in [17].

The equivalent circuits in Fig. 3 correspond to the up-
conversion measurement. The sketch at the top of the figure
shows the actual multifrequency circuit, and the sketch at the
bottom of the figure shows the single-frequency equivalent
circuit after the ideal mixer in the circuit at the top of the figure
has been “moved through” the scattering-parameter error box
[S] describing the nonideal behavior of the mixer and the
source, as described in [17].

Note that, as the ideal image mixer is moved through
scattering-parameter error boxes and combined with sources
following the rules outlined in [17], it not only translates the
frequency of the measurements, but conjugates the phase of the
elements describing these error boxes and sources. This
conjugation behavior is due to the phase reversals that take
place in image mixing, and do not occur for regular RF mixers
[17].

The equivalent circuits in Fig. 4 correspond to the down-
conversion measurement. The bar over the scattering-parameter
error box indicates that the error box in Fig. 4 points in the

opposite direction: that is S,,=S,,, S,,=S,,, S,,=S,,

and 5_225511- Again, as the ideal image mixer is moved

through scattering-parameter error boxes and combined with
sources, it conjugates the phase of the elements describing
these error boxes and sources.

E. Iterative solution procedure

Finally, we used our single-frequency equivalent-circuit
models describing the measurement setup to numerically solve
for the transfer functions a, oS1, and a, oS,,* of the mixer from

the measurements. Recall that we already measured the
reflection coefficients S;; and S,, of the mixer, the source, and
the oscilloscope with our VNA, leaving as unknowns only
a1 0512 and a, oS,;* in the equivalent circuits of Figs. 3 and 4.

To solve for these transfer functions, we began with a guess
of 1 for a oS, and a_ oS *, and iteratively adjusted them until
the calculated magnitude and phase of the signal at the output
of our mixer (point B in Fig. 1) in our equivalent-circuit model
matched the actual magnitude and phase measured by the
oscilloscope on channel 3. The solutions are easy to find as the
ratio of the measured input and output signals in our setup are
very nearly given by the terms a_oS1» and a_oS,*, and the
reflection coefficients only perturb the measurements slightly.
This makes the solution algorithm very nearly linear, and as a
result there are no local minima to complicate finding the
solution.

We were able to greatly speed this procedure by estimating
new values (a.0S12)new aNd (AL0S21™)new fOr @, 0S12 and a;0Sx1™*
from the current guesses (8.0S12)guess aNd (ALoSa1™)guess fOr
0512 and apSx»*. We used the formula (aoSio)new =
(aL0S12)guess(Vmeas/Veare) 0 update our guess for a oS;,, where
Vmeas 1S the voltage of the source we measured on channel 3 of
the oscilloscope, and v, is the voltage we calculated that we
should have measured on channel 3 of the oscilloscope from
the measured reflection coefficients and estimates (a.0S12)guess
and (8.0521*)guess: Likewise, we used the formula (a,.0S21*)new =
(aL0S21*)guess(Vmeas1/Veaic1) at each iteration step to update our
guess for a_oS,1*, where Vieas: IS the voltage of the source we
measured on channel 3 of the oscilloscope, and v is the
voltage we calculated that we should have measured on channel
3 of the oscilloscope from the measured reflection coefficients
and estimates (8.0S12)guess aNd (8L0S21*)guess When the mixer
was reversed.

Our iterative procedure was extremely fast and robust, and
we were able to achieve convergence of one part in 10™ in
only six or seven iterations. In practice, we found that it not
worth implementing and checking stopping conditions, as
simply performing ten iterations of the algorithm achieves
convergence to better than one part in 10°,
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Fig. 5. Comparison of the up-conversion loss |S,1| and the down-
conversion loss |Si2| measured with our oscilloscope and a power-
meter-calibrated VNA.

I1l. MEASUREMENT RESULTS

We used a commercial off-the-shelf 2000 — 4200 MHz
balanced diode mixer at a local oscillator frequency of 4500
MHz to demonstrate our measurement system. We arranged the
mixer in an image configuration, and added a low-pass filter
with a cutoff frequency of 1650 MHz to the intermediate
frequency (IF) port, and a 2000-4000 MHz bandpass filter on
the image port. These filters reduced local-oscillator leakage to
the other ports, and suppressed other mixing products at the
mixer’s IF and image ports. These filters reduce the sensitivity
of the mixer to terminations at the local-oscillator frequency
and higher-order mixing products, and ensure validity of the
assumptions of [17].

We also added DC blocking capacitors to the mixer’s
intermediate and local-oscillator ports, and the bandpass filter
on the image port served as a DC block on that port as well.
These DC blocks eliminated any sensitivity of the mixer to dc
bias and the dc return paths applied to the mixer. Finally, we
tested our image mixer, which consisted of the diode mixer,
filters, and dc blocks, on our measurement system. We then
measured the transfer function of the mixer plus filters and dc
blocks, which we simply refer to as our mixer in what follows.

Figure 5 compares the mixer’s up-conversion loss S| and
down-conversion loss |S;,| we measured with our oscilloscope
to the same quantities measured by a power-meter-calibrated
VNA [3;7]. The figure shows excellent agreement between the
measurements.

Figure 6 plots the difference of the product |S,;S;,| and the
average of two round-trip measurements of that same quantity
measured with our VNA, using the method of [4]. Again, the
agreement is excellent.

The error bars in Fig. 6 represent our estimate of the
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Fig. 6. Comparison of the product of the up-conversion and down-
conversion loss |S21 Sz1| measured with our oscilloscope and the
average of the round-trip conversion losses measured with a
VNA.

standard uncertainty in the measurements. Table 1 summarizes
the different components of these uncertainty estimates. We
estimated the standard uncertainty due to repeatability in our
measurements from three repeat measurements of the mixer.
To this we added estimates of our uncertainty in the swept-sine
magnitude corrections for our oscilloscope response, which we
performed following the proceedure described in [18], and
combined our uncertainties following the reccommendations of
[19]. As can be seen in the table, the systematic part of our
estimated uncertainties dominated the total uncertainty.

As we do not possess accurate low-frequency electrical
phase standards, we were not able to calibrate the
oscilloscope’s phase response. We set the systematic phase
uncertainty equal to the standard deviation of the differences of
oscilloscope measurements of a photodiode to calibrated phase
measurements of the same photodiode performed on the NIST
electro-optic sampling system described in [20]. We believe
that these differences were, for the most part, due to errors in
the electrooptic sampling system, which is designed primarily
for high-frequency measurements [21], and not to the
oscilloscope’s phase response. Thus, our actual phase
measurement errors could be significantly smaller than our
uncertainty estimates.

IV. PHASE AND PHASE RECIPROCITY

As we discussed earlier, we used our time-base correction
algorithm to hold the phase of the local-oscillator drive term
a o constant during the measurements. Thus our measurements
of the signal at the input to the oscilloscope at B in the figures
allow us to measure the two transfer functions a oS:, and
a0521*, as is clear from the single-frequency equivalent
circuits at the bottom of Figs. 3 and 4. Figure 7 compares the
phase of S,; and Sy, of our mixer after subtracting a constant
due to the phase of a o, and after subtracting a constant delay.
Not only does the figure shows good agreement with the
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Fig. 7. Comparison of the phases of S;; and S1, measured with our
oscilloscope and with the average round-trip phase measured with
our VNA. We subtracted a constant offset to account for the
unknown phase of a0 and a constant delay to better show the
mixer’s phase distortion.

round-trip VNA measurement based on the method of [4], it
shows that the phase response of the mixer is, for the most part,
reciprocal.

Figure 8 plots the difference between the phase of the
product S»S;, and the the average of the two round-trip
measurements of that same quantity measured with our VNA
using the method of [4]. In this case, the measurements agree
to within about a degree, illustrating the high accuracy
achievable with the sampling oscilloscope.

Figure 8 also shows that our oscilloscope phase
measurements agree with our round-trip VNA measurements to
well within our estimated uncertainties. Like our random
magnitude uncertainty estimates, we derived our random phase
uncertainty from three repeated measurements, and the
systematic uncertainties in the phase from a comparison to
measurements we performed on the NIST electro-optic
sampling system. To these, we added smaller uncertainties due
to cable bending during the measurements, which we also
characterized with our VNA.

As we pointed out in the introduction, mixer reciprocity, and
particularly mixer phase reciprocity, has been a troublesome
issue since World War Il. Our oscilloscope measurement
method addresses the measurement of mixer phase reciprocity
directly.

The unknown phase of the local oscillator in the models of
Figs. 3 and 4 results in an absolute phase offset in the measured
transfer functions a, oS, and a, oSy ™. Figure 9 plots the phase

! While we could have measured the phase of the local-oscillator signal at
the LO port of the mixer in our experiments, there would still have been a
constant but unknown phase difference between the phase of a0 at the
physical LO input of the mixer and phase of a_o at the ideal mixer in the
equivalent-circuit models of Figs. 2 and 3 [17]. Thus we can never determine
the absolute difference of the phases of Sy; and S;» from the two measured
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Fig. 8. Comparison of the phase of the product Sy S1» measured
with our oscilloscope and with a VNA.

of a,0°S1,/S,. We measured after subtracting the constant offset
in this quantity. This is, to within a constant offset, the
difference in the phases of S;, and S,;.

We were surprised by the fairly large and rapid changes in
the difference of the phases of S;, and Sy;, particularly between
550 MHz and 600 MHz, where the amplitude response of the
mixer is fairly smooth. We can only speculate at this point that
this difference in phase near 600 MHz is related to the small
dip in the magnitude of S, there shown in Fig. 5, and that this
sharp phase change is related to some resonance in the
reflective filters that we used in our mixer. While we did not
perform measurements over a fine enough frequency grid to
accurately determine the differences in up-conversion and
down-conversion group delay of our mixer, the measurements
do indicate differences in up-conversion and down-conversion
group delay of at least 0.5 ns.

V. CONCLUSION

The method we presented here measures the magnitude and
phase reciprocity of microwave mixers with relatively
inexpensive instrumentation. We showed that our measurement
scheme is quite accurate, and easily able to distinguish
differences in the evolution of the phases of the transfer
functions of microwave mixers with frequency that are ignored
by the VNA deembedding method of [3;4]. Measuring these
phase differences with the methods of [8;9;22;23] would

transfer functions a, 0S12 and a_oS21*.

In most applications, the phase of a0 is not controlled, and the absolute
offsets of the phases of Sy; and Sy, introduced by the phases of the local
oscillator frequency are unimportant. Rather, the most important information
about mixer behavior from a system point of view is contained in the way that
Sz1 and Si2 evolve with frequency. This explains the focus on the
measurement of the group delay of mixer transfer functions in the literature.
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require a calibrated reference mixer. Only the method described
in [14] could have measured this phase difference on a
frequency grid fine enough to determine group delay, but
requires significantly greater resources to perform.

The frequencies we used were low enough that it was not
necessary to correct for the phase response of our oscilloscope.
However, as the frequency of the local oscillator increases, so
does the slope of the sinusoids. The increase in the slope of the
sinusoids improves our ability to determine at what time our
measurements were performed in the presence of additive noise
from the voltages measured on channels 1 and 2 of the
oscilloscope. Thus our approach to establishing a uniform time
base for the measurements scales well to higher frequencies.
Furthermore, we could also measure and correct for the
oscilloscope phase response at higher frequencies with a
photodiode characterized on our electro-optic sampling system.

While here we described only experiments employing small-
signal sinusoidal excitation, the apparatus can also be used to
characterize more complex mixer behavior with large-signal
multi-tone excitations. We could have equally well applied the
approach to the characterization of highly nonreciprocal active
transistor mixers.
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Fig. 9. The difference of the phase of Sy1 and Si, measured with
our oscilloscope after subtracting a constant offset due to the
unknown phase of the local oscillator.
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Table 1.

Estimated standard uncertainties for measurements of the

mixer’s transfer function.

Error Magnitude Phase Degrees of
Source (dB) (degrees) freedom
[19]
Repeatability 0.015 0.205 2
(typical)
Oscilloscope 0.04 - 0
magnitude
calibration
Deviation from - 1.235 0
EOS-calibrated
measurements
Input cable - 0.043 0
LO cable - 0.217 0
Total std. uncert. 0.043 1.274 > 1000
(typical)
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