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ABSTRACT

The classical small-signal frequency-domain theory

in low-loss cases where reactive filtering is used to suppress undesired responses,
cal results, which describe the low-loss limits, are erroneous and misleading.

lossy devices, even with ideal diodes,

Introduction

The classical frequency-domain network theory of
resistive~-diode mixers was introduced in 1945 by
Peterson and Llewellyn [1]. Their approach has been
followed by most workers, most comprehensively in (2]
and [3). Using perturbation methods, a multi-frequency
admittance matrix was derived which describes the fre—
quency conversions which occur when a strongly~driven
nonlinear resistor is weakly perturbed by a weak signal
at another frequency. In recent papers (4] [5], a new
time-domain approach is used to determine the scattering
matrix of a complete mixer circuit, For low-loss circuits
in which reactive filtering is used to suppress unwanted

. frequency responses, the results differ from those of the
frequency-domain approach. It is found that single-
diode mixer circuits are inherently lossy, because a sig-
nificant fraction of the signal power is normally con-
verted to dc. This is a second-order effect which has
not been included in the classical treatment,

Figure 1 shows a simple mixer circuit model which
is used to illustrate the discrepancy between the two
approaches, The diode is assumed to be ideally loss-
less with zero forward impedance and infinite reverse
impedance, To suppress unwanted responses, a high
loaded-Q resonator is shunted across the input line
tuned at the LO frequency. A large by-pass capacitor
prevents the escape of RF power to the IF load, The
capacitors effectively short-circuit the diode for those
high frequency responses near the 2nd and higher har-
monics of the LO. This model will act as a double~-
sideband mixer for frequencies near the LO, either above
or below, and it may also serve as a double~sideband
up-convertor to those frequencies,

This is a narrow~band circuit for a low IF, for which
the signal and image must lie within the band of the
resonance, The optimum load resistance is 2R; which
also provides optimum dc bias. This model is believed
to provide the lowest possible conversion loss for
double-sideband operation,

Time-Domain Analysis

In [4], [5] the high~-Q low-loss limiting performance
for this class of double~sideband circuit is described by
the normalized scattering matrix of (1), Here the a's and
B's are the input and output complex wave voltage quanti-
ties for the image frequency (w_ 1 = wp— wo) , the IF (wo)
and the signal (wg = wp * wq) respectively, normalized so
that IOLnlz is equal to the incident power, This differs
substantially from previously published results based
upon the classical approach. This indicates that 50% of
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of resistive diode mixers fails to provide correct results
Previously published theoreti-
Single-diode mixers are inherently
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an input signal at w; or w_yj is converted to the IF at wy,
50% is absorbed, and no image is generated. However,
an input at IF (wo) is 50% converted to wy and 50% to w_j
for no net loss, No reflections occur. This matrix dif-
fers substantially from previous results, given in the
next section,

Single~frequency steady-state analysis for the case
Qr =wyCRy = 100, provided the waveforms shown in
Fig. 2. Here, the rectification efficiency is 99.97%,
2nd harmonic generation is down 43 dB, as is LO leakage
to the IF, This example is closely analogous to that for
the high-Q limit, for which all reflections and all har-
monic outputs are suppressed, the efficiency is 100%,
and the dc output voltage Vy = Vp/Z.

In [4] and [5] the analytic technique involves an
initial determination of the steady state dc output current
and the reflection coefficient for the LO only, as func-
tions of the LO drive level and of the dc bias voltage.
For an added small signal at a nearby frequency, the
effect is treated as a slow modulation of the LO, with
small index. The resultant modulation of the dc and the
reflected wave are then analyzed to determine the co~
efficients of the scattering matrix. The sum of the
signal and LO voltages in Fig. 1 can be written exactly,
using the law of cosines, as a wave modulated in both
amplitude and phase,

Vo

\/v
If w, is a very low frequency, small compared with the
bandwidth of the resonator, and l/wo is long compared
with the time-constant of the circuit, then the output
response at any time can be assumed equal to the steady-
state responsge, indicating that

2
v, = (1/2) vazw1
expansion retaining terms through V12, the result is
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The power at de, to second order, is

sz vlz
Pdc—-—8R1+l6R1+... (4)

and the power at IF (wo) is

vV
Pir T 8R_ ~ 16R; (5)
o

The total available power is (V 2+ \% 2)/8 R; so that the
dc power includes all of that from the LO plus one-half
of that from the signal. Only half of the signal power is
converted to IF,

Classical Analysis of the Model

In [1] an infinite-order matrix was derived which de-
scribes the first~order interactions among the various
frequency components which are generated by small-
signal perturbations of a time-varying resistor, To ob-
tain a usable matrix, it was postulated that a circuit
would be used in which the impedances at the diode for
the unused frequencies could be zero, or small enough
so that the voltages at these frequencies could be
neglected, This, it was assumed, would permit the
matrix to be truncated to the two or three frequencies of
interest, The classical circuit model for this situation
is shown in Fig. 3. The diode is modeled as a rotating
"tailored-curve" rheostat which simulates the variation,
at the LO frequency, of the incremental resistance of the
diode. Each frequency of interest has a separate load
or resistive source, connected to the diode though a
narrow band-pass filter, All of the unused frequencies
(for nw_+ Wge D > 1) are presumed to be shorted-out by
the higﬁ-pass filter shown, To simulate an "ideal"
diode as in Fig. 1, the diode is assumed to act as a
commutating switch, shown as an alternative model in
Fig. 3. Here a small residual resistance Rq is included,
which will be allowed to approach zero in the analysis,
This switched model would seem to be closely analogous
to that of Fig, 1. For a high Q, (Q = @CRy), the large
capacitors provide very low impedances for the unused
frequencies, The signal and image frequencies, which
lie within the band of the resonance, are equally loaded
by the RT source resistance Rl. The IF is separated and
loaded by the resistor R,, For this model, the "trun-
cated" diode admittance matrix is given in (6), Here, d
is the "pulse duty ratio", the fraction of time that the
switch remains closed. The coefficients in this matrix
are the harmonic coefficients in a Fourier series which
describes the switch conductance as a periodic function
of time, according to the principles of [1]. If the
sources and loads are included and the resultant matrix
is inverted, the input and transfer impedance matrix for
the total network is obtained,
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For a finite value of d, it is found that the input
impedances seen from each source become vanishingly
small as the parasitic resistance Ry is allowed to
approach zero. This result does not agree with the time-
domain analysis, which indicates matched impedances
under optimum conditions, If it is assumed, however,
that the pulse duty ratio d vanishes also as Ry ap-
proaches zero such that d <~\/Rd/R0, then, in the limit,
the behavior of this network becomes lossiess and the
impedances are finite, Expressing this result as a
normalized scattering matrix for the optimum double-
sideband case where R,= 2R = 2R_j, the result is

*
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This result agrees with the matrix presented by Kelly [6].
It says that 50% of an incident signal wave is converted
to IF, 25% is reflected, and 25% is converted to the
image, If R_; is made equal to zero in Fig. 3, and

Ro= Rl’ then, in the limit, the scattering matrix becomes

| % o

B 0 -1
0 (8)
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This is the classical "short-circuit-image" condition for
an image-rejection mixer. Matrix (8) implies ideal im~
pedance match and 100% conversion efficiency between
signal and IF, This result is equivalent to those pre-
sented in [1] and [3]. Both of these results are errone-
ous and neither can be approached under the most ideal
conditions.

Discussion and Conclusions

The source of the error in the classical approach is
subtle and not easily demonstrated., The transfer of
signal power to dc is a second-order effect, but, because
the rectification is already finite, the signal power trans-
ferred is proportional to the incident signal power in the
small signal limit,

Mathematically, the problem appears to arise be-
cause the circuits of Figs, 1 and 3 are not exactly
equivalent., Figure 2 shows a voltage waveform which
is not perfectly sinusoidal, and a diode current wave-
form which is sharply spiked so that it is rich in har-
monics, In the high-Q limit, the current waveform
becomes impulsive with a uniform harmonic distribution
to infinite frequencies, Neglect of an infinite number of
higher~order terms in the admittance matrix cannot be
justified, A proper solution using the frequency-domain
approach, for low-loss cases of this type, does not
appear to be feasible because of mathematical
indeterminancy., Its validity in high-loss cases is not
being questioned here,

As previously indicated in [4], a double-sideband
mixer is analogous to a magic-tee waveguide hybrid
junction as shown in Fig, 4a (or to a Wilkinson power
divider with an internal load). The loaded fourth arm of
the tee receives the power transferred to dc., The



erroneous classical result of the matrix of (7) is analo~ voLTS AMPERES
gous to a simple three-port Y~junction with a matching 2 [ e
transformer at the "IF" port, as shown in Fig, 4c. If a

short circuit is suitably placed in the "image" arm of the h
simple Y, as shown in Fig, 4d, the device will behave . i S I
as a simple waveguide between the signal and IF ports

=1 OUTPUT UOLTAGE
giving the erroneous matrix (8). .
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Although (1) indicates no direct image response, it
is possible to improve the conversion loss to less than e 4
3 dB by shorting (or opening) the image port as analyzed
in [4]and [5]. This requires the addition of suitably
placed impedance transformers in poth the signal and IF
ports, as shown in Fig, 4b, in order to minimize the loss
to the loaded 4th port, The result is less favorable than
has been indicated by the classical theory., Unless the 7
double-sideband mixer has a conversion loss approaching
3 dB, the improvement obtainable is disappointingly small,
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