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Fig. 13. MDS at different output-power levels. (a) IMPATT device.
(b) Gunn device. (c) BARITT device (bandwidth = 10 MHz,
IF = 30 MHz).

IV. DISCUSSION OF RESULTS

In terms of sensitivity, the BARITT device is superior
at any power level and modulation frequency. An out-
standing characteristic of the device is that the sensitivity
is better at lower oscillator output-power levels while the
reverse is true for both the Gunn and IMPATT devices.
In addition, the sensitivity of the low-voltage BARITT
device is comparable or better than that of the higher
voltage ones. This is an important feature and a definite
advantage over the other devices. Another desirable quality
of the BARITT device is its insensitivity to bias variation,
as can be seen in Fig. 6. This is not true for the Gunn or
IMPATT devices where a slight variation in bias leads to a
rapid deterioration of sensitivity. To offset this the RF
circuit has to be retuned whenever the bias is slightly
changed.

It is also apparent that the BARITT device does seem to
possess a 1/f noise, component. The origin of this 1/f
noise in BARITT devices is not well understood at this
time. One hesitates to conclude that it is an inherent charac-
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teristic. If this 1/f noise were due to some effect of the
fabrication process, then eventually it could be eliminated
or reduced by more sophisticated techniques of fabrication.
This would greatly enhance the sensitivity of the BARITT
device at the low-modulation frequency range.

V. CONCLUSION

It has been shown that, using the simplified design
principle given here, BARITT devices of different operating
voltages and frequencies can be successfully designed.
While a great deal more remains to be learned about the
noise and mixing characteristics of the BARITT device, the
experiments described show that the BARITT device has
definite advantages in self-mixing mode applications. These
are, in short, low-power consumption, high sensitivity, and
ease of fabrication and operation. The BARITT device
also has great potential in the higher frequency region due to
the fact that low output power does not affect its sensitivity.
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Millimeter-Wave Receivers with Subharmonic
Pump

THOMAS F. McMASTER, MARTIN V. SCHNEIDER, reLLOW, IEEE, AND WILLIAM W. SNELL, JR.

Abstract—Hybrid integrated downconverters which are pumped at
half the frequency needed in a conventional downconverter have shown
a conversion loss of 3 dB at 50 GHz and 6 dB at 100 GHz with a cor-
responding single-sideband (SSB) receiver noise figure of 7 dB at 50 GHz
and 11 dB at 100 GHz. The circuits are linearly scaled from an optimized
5-GHz model. Each downconverter consists of a stripline conductor
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pattern, a novel transition from waveguide to stripline, and a Schottky-
barrier diode pair. The circuits can be tuned over a useful RF bandwidth
of 20 GHz, and they can be readily scaled to other frequency bands.

I. INTRODUCTION

NEW subharmonically pumped downconverter has
shown a conversion loss and an RF bandwidth which
is superior to the performance of previously reported
integrated converters [1], [2] and of conventional wave-
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transition from waveguide to stripline shown in Fig. 4. The stripline
circuit includes two low-pass filters and a pair of Schottky-barrier
diodes. The pump is coupled to the stripline from a waveguide
input as shown in Fig. 2.
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Fig.2. Top view and cross-sectional view of the 50-GHz stripline
circuit with signal and pump waveguide input ports.

guide downconverters. The converter has the following
advantages. ,

1) The thin-film stripline mediurm suppresses waveguide
modes at harmonics of the pump frequency.

2) The mixer can be readily tuned for single-sideband
(SSB) or double-sideband operation. ’

3) The pump frequency is half that needed in conventional
downconverters. '

4y The circuit does not require a dc return path.

5) Separation of the signal and pump frequencies is
readily obtained. '

6) The local oscillator AM noise sidebands are sup-
pressed [3]. -

Mixers have been built at 50 and 100 GHz by linearly
scaling the circuit dimensions of an optimized 5-GHz model.

II. CircuIT DESCRIPTION

A block diagram of the new circuit is shown in Fig. 1, -

and a detailed view of the stripline conductor pattern for
the 50-GHz mixer is shown in Figs. 2 and 3. A photograph
of the mixer assembly with the cover removed is shown in
Fig. 4. A strip transmission line is used because the mode
conversion from the hybrid TEM mode to the first-order

waveguide mode (longitudinal section magnetic mode) is

substantially reduced compared with the mode conversion
obtained with other transmission line circuits, such as wave-
guide or microstrip circuits [4]. This approach helps
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Fig. 3. Photograph of thin-film conductor pattern on quartz sub- '
strate, 50-GHz circuit. The scale is marked in centimeters.

Fig. 4. Photograph of the 50-GHz downconverter. The top cover of
th% housing is removed to show the conductor pattern on the quartz
substrate. :
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Fig. 5. Transition from signal waveguide to stripline circuit with a
tunable waveguide backshort and an H-plane tunable short for
matching the signal and rejecting the image frequency.

eliminate the generation of extraneous waveguide modes
pear the harmonics of the pump frequency.

The circuit consists of a signal waveguide input section,
a waveguide-to-stripline transition, -a stripline conductor
pattern with a pair of Schottky-barrier diodes, and a transi-
tion from the pump waveguide to the stripline. The wave-
guide-to-stripline transition, illustrated in Fig. 5, can be

- tuned so that the converter can be operated either as a

SSB or as a double-sideband mixer by adjusting the wave-
guide backshort and the H-plane waveguide short.

The input signal is coupled to a pair of beam lead diodes
which are shunt mounted with opposité polarities in the
strip transmission line. The diode pair has a current—
voltage characteristic which is symmetrical with respect to
the origin [1]. The diode-pair current is »

i= I, sinh-,[nkiT (v — z'Rs)} %)
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where I, is the pair saturation current, g is the electron
charge, and R, is the series resistance of the device. If the
pair is pumped by a sinusoidal voltage v = V, cos w,t the
resulting current for R, = 0 is

) & v,
i=2I, mzo Lyt (ﬁ) cos @m + Dot (2)
where I, , is the modified Bessel function of first kind of
order 2m + 1. The corresponding conductance is

d_l._ _ ql,, I (qu)

quat & (qV )
= 2 A-sat I, [|*-E 2mao t.
& nkr° \mer) T L Dam ) €08 2y

nkT
©)

As expected, 1) there is no dc current flowing through the
diode pair, ie., the converter does not need a dc return

path; 2) the diode-pair current contains only odd-order
harmonics; and 3) the pair conductance has only even-order
harmonics. Using g(¢) = di/dv and

gl (qV ) .
=-—I KA , _—_0’1’2’... 4
Y= ar ¥ ) @)
one can rewrite (3) and obtain
gt) = yo + 2y1 cos 2m,t + 2y, cos 4a)pt + 0 (5)

This shows that it is possible to use half-frequency pumping
with an antiparallel diode pair. One concludes, furthermore,
that quarter-frequency pumping is also feasible if the second
term in (5) is suppressed by means of a band-reject filter
at 2w, in series with the diode pair. This solution looks
attractive for submillimeter frequency conversion.

The diodes used in the subharmonically pumped circuits
have a typical series resistance of 3.5 Q, a zero bias capac-
itance of 0.06 pF, a reverse breakdown voltage of 7V at a
current of 10 uA, and an n-factor of 1.15. The corresponding
zero bias cutoff frequency is approximately 1500 GHz.

Two low-pass filters are needed to separate the signal
frequency ws, the pump frequency wp = (wg — wp)/2,
and the intermediate frequency (IF) wp. The filter in the
50-GHz mixer which is adjacent to the diode pair has a
cutoff frequency of 33 GHz in order to reject the signal
(47-67 GHz) while transmitting the pump (22.8-32.8 GHz)
and the IF (1.4 GHz). The second low-pass filter rejects the
pump and transmits the IF. The thin-film chromium-gold
conductor film is deposited on fused quartz substrates by
evaporating 100 A of chromium and 2.5 um of gold. The
pattern is fabricated using standard photolithographic
techniques.

II1. CirculT OPTIMIZATION

Because of the difficulties of synthesizing an optimized
millimeter-wave mixer, it wads decided to build an oversized
low-frequency model. This circuit was built at 5 GHz with
the objective of scaling it to 50 and 100 GHz. The laws
governing the scaling of electromagnetic circuits are des-
cribed by Stratton [5]. In order to obtain circuits with
similar characteristics at different frequencies, each with a
characteristic dimension d, an RF frequency w, a con-
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Fig. 6. Performance of stripline low-pass filter located between signal
and pump waveguide. The filter is made with copper tape on a fused
quartz substrate with a thickness of 2.26 mm and a width of 2.71
cm. All filter dimensions are given in centimeters.

ductivity g, permeability u, and permittivity &, it is necessary
and sufficient that

ue(wd)® = K, ©®
ueowd? = K, (D

where K; and K, are constants. It should be noted that
(6) and (7) can be readily satisfied for purely passive
elements such as stripline conductors. Nonlinear devices
such as Schottky-barrier diodes are more difficult to scale.
However, satisfactory results can be obtained if the series
inductance, the zero bias capacitance, and the cutoff
frequency of the diode are linearly scaled to the desired
millimeter-wave frequency. In order to satisfy this require-
ment for the low-frequency model, we chose pill-type diodes
with a high zero bias capacitance and added oversized
leads to simulate the series inductance of the millimeter-
wave beam-lead Schottky-barrier diodes.

The dimensions of the rectangular stripline channel with
the cross section shown in Fig. 2 must be such that the first-
order waveguide mode at the signal frequency is below
cutoff. The cutoff frequency of this mode is given by [6]

_c _he, - 1)
Je = 2a\/1 be, ®

where a is the width of the channel, b is the height, 4 is the
thickness of the dielectric material, ¢, is its relative dielectric
constant, and ¢ is the vacuum velocity of light. The channel
dimensions for the 5-GHz model are @ = 2.26 cm, b =
1.13 cm, and the thickness of the fused quartz substrate is
0.226 cm. The relative diclectric constant of the substrate
is 3.8 and the resulting cutoff frequency becomes 6.13 GHz.

The conductor patterns for the 5-GHz model were made
with copper tape on quartz substrates. This technique
makes it convenient to experimentally determine the exact
dimensions and positions of the filter circuits. The dimen-
sions and the electrical characteristics of the stripline filters
are shown in Figs. 6 and 7. The filter between the pump and
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signal waveguide is based on a Chebyshev design with
alternate capacitive and inductive sections. The remaining
filter was empirically designed to have a cutoff frequency
of 1.4 GHz and a rejection of better than 40 dB at the pump
frequency w, = 2.4 GHz.

The performance of the 5-GHz model with an IF fre-
quency of 140 MHz is shown in Fig. 8. The measured
conversion loss is 1.8 dB at a frequency of 5.14 GHz. The
measured SSB receiver noise figure is 3.7 dB with an IF
noise figure of 2.5 dB.

A scaling factor of 10.75 was used to produce a milli-
meter-wave circuit at 55 GHz. The millimeter-wave mixer
works satisfactorily at this frequency but its best perform-
ance is obtained at 50 GHz. This difference is mainly due to
the difficulty of scaling the diode parameters.

* IV. MILLIMETER-WAVE PERFORMANCE

The measured conversion loss and the SSB noise figure of
the receiver, including a 3.7-dB IF noise contribution, are
shown in Fig. 9. The data points are obtained by adjusting
the tunable shorts for optimum noise figure at each fre-
quency. A best conversion loss of 2.7 dB and a total SSB
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Fig. 10. Conversion loss and SSB noise figure of the downconverter
at 50 GHz as a function of the pump power of the subharmonic
}oczal7tzis§illator. The conversion loss at a pump power of +11 dBm
is 2. . '

noise figure of 6.7 dB are obtained at 50 GHz. The conver-
sion loss is determined by direct power reasurements at
50 and 1.4 GHz. The noise measurements are made with
both a calibrated waveguide noise source and by standard
hot-cold load techniques. The agreement is within 0.4
dB. The mixer noise ratio is given by [7]

®

where Fgp is the total SSB noise figure, Fiy is the IF noise
figure, and L is the conversion loss of the mixer. The mixer
noise ratio obtained at 50 GHz for a local oscillator pump
level of +11 dBm is 1.17. The SSB noise figure and the
conversion loss as a function of pump power are plotted in
Fig. 10. Each point is obtained by adjusting the position
of the backshort in the pump waveguide for minimum
noise figure. It was found that it is not necessary to use a
matched diode pair for obtaining good performance. The
dc imbalance current for different diode pairs was in the
range of 0.25-1.0 mA under optimum pump conditions.
Another millimeter-wave mixer was built in the 100-GHz
frequency range. The measured performance is shown in
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Fig. 12. Typical instantaneous IF bandwidth of the millimeter-wave
mixer. The pump frequency is held constant at 46.8 GHz. The
signal frequency is varied around 95 GHz to obtain the band shape.

Fig. 11. A conversion loss of 5.5 dB and a SSB receiver noise
figure of 10.9 dB have been measured at 95 GHz. The noise
figure measurements for this circuit were made using
standard hot—cold load techniques. The measured in-
stantaneous IF bandwidth for this mixer, tuned for optimum
noise figure, is 400 MHz for a total variation of 0.5 dB
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as shown in Fig. 12. The circuit is thus useful as a front
end in digital communication systems with modulation
rates of up to 300 MBd. The mixer also exhibits excellent
pump-to-signal port isolation. The pump frequency is
totally suppressed since it is below cutoff in the signal
waveguide. The measured output power at the signal port
at the second harmonic of the pump frequency is 34 dB
below the input power at the pump port. The third harmonic
is suppressed by better than 28 dB.

V. CONCLUSIONS

It has been demonstrated that mixers with very low noise
figures can be fabricated using a combination waveguide—
stripline thin-film circuit. These mixers have shown better
performance than microstrip mixers and conventional
waveguide downconverters. The circuits can be readily
scaled to other frequency bands.
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