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Abstract—A submillimeter-wave sideband generator based output, in principle, can be improved by using a power-com-
on phase modulation is described. The sideband generator pining array of sideband generators, but this necessitates the use
consists of a wh|sker-c<_)ntacted_Schottky varactor mounted in a of a high-power pump source [11]. A different approach that
reduced-height waveguide. A microwave pump signal modulates . . . . .
the reflection coefficient the varactor presents to an incident has outsta_ndlng potential forlmprovmg sideband gen_erator_per-
submillimeter-wave carrier. The circuit discussed in this paper formance is based on parametric frequency conversion using a

has exhibited a carrier-to-single sideband conversion loss of 14 dB pumped nonlinear reactance.

and an output power of 55uW at 1.6 THz. Frequency upconverters based on varactor parametric devices
Index Terms—Parametric upconvertersl sideband generation, haVe been a SUbjeCt Of interest Since the early 1960s. The funda'
submillimeter-wave sources, varactor diodes. mental theory of the abrupt-junction varactor upconverter was

described by Penfield and Rafuse in 1962 [12]. Initially, the in-
terest in parametric upconverters focused on their application to
multichannel frequency-division communication systems. Con-
NSTRUMENTATION needs in the radio-astronomy andgequently, researchers gave considerable attention to the inter-
remote-sensing communities have steadily increased thedulation properties and dynamic range of these devices in
demand for local-oscillator sources operating at millimetehe microwave region [13]-[15]. Others have studied the condi-
and submillimeter wavelengths [1], [2]. In addition, applications for optimum conversion efficiency, including the effects of
tions such as molecular spectroscopy [3], [4], detection ae¢hbedding impedances and pump-power level [16]-[18]. Ad-
monitoring of chemical and biological warfare agents [5], anghnces in diode-based resistive mixers and the development of
scaled radar-range technigues [6] have placed new emphasisrowave and millimeter-wave field-effect transistors during
on sources capable of broad frequency coverage. Unforthe 1970s and 1980s largely eliminated the need for and use
nately, tunable sources of submillimeter-wave radiation aggparametric upconverters for communications. Varactor-based
uncommon. Far-infrared lasers operate at discrete spectral lisggieband generation, however, remains a viable and attractive
with typically no more than 200 MHz of tunable bandwidth [7]technique at submillimeter wavelengths, which lie significantly
Tunable solid-state sources and frequency multipliers usualigyond the operating range of modern transistors.
exhibit poor efficiencies and produce relatively small output In this paper, we present a submillimeter-wave sideband gen-
powers as their operating frequencies approach 1 THz [8}ator that utilizes the pumped nonlinear reactance of a Schottky
[9]. Sideband generation provides an alternative and attractivgractor diode. The proof-of-principle circuit described in this
method for obtaining broadly tunable terahertz signals Ipaper has shown a single-sideband conversion loss of 14 dB with
mixing a fixed-frequency submillimeter-wave source with an output power of 55%W at 1.6 THz. These results represent
tunable low-frequency (microwave) oscillator. an improvement of nearly 17 dB in conversion loss and a factor
Sideband generators based on Schottky diode resistive mixgfive in power output over the best previously reported results
have been used for a number of years and have produced usgiai were based on resistive mixing [10].
and tunable radiation at terahertz frequencies, but with relatively
high conversion loss and limited output power. As an example, [I. BACKGROUND AND SIMULATIONS
a whisker-contacted 1T15 Schottky diode fabricated at the Uni-
versity of Virginia (UVA), Charlottesville, and mounted in at
corner-cube antenna has given 10\&+of sideband power with
a carrier-to-sideband conversion loss of 30 dB [10]. The po

|I. INTRODUCTION

Fundamentally, a sideband generator is a modulator designed
o convert power from a fixed carrier frequency to an upper
w2 lower sideband. This frequency conversion may be accom-
plrished by modulating either the amplitude or phase (or both) of
a carrier wave with an applied pump signal. Consequently, the
Manuscript received September 24, 2002; revised February 27, 2002. THECUit and device design parameters affecting the performance
work was supported by the Army Research Office under Grant DAAG55-98-0f sideband generators are similar to those for resistive mixers
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Grant DAHC90-96-0-0010. asideban generator depends on the impedance terminations at
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Fig.1. Reflection coefficient representing: (a) a binary amplitude-shift-keying, o ) )
modulator and (b) a binary phase-shift-keying modulator. The power in the fifsig- 2.~ Circuit model for a varactor sideband generator. The microwave pump

sideband is maximized in both cases for a 50% duty cycle and yields a minim@hfl bias are applied through an ideal low-pass filter and the submillimeter
conversion loss of 9.94 dB for (a) and 3.92 dB for (b). carrier through an ideal high-pass filter. A series inductor resonates with the

varactor to produce a phase variation of 180

in their Optimum impedance occurs for a pump Signal with IO\NNeen a perfect open CirCL(T — 1) and a perfect short circuit
pulse-duty ratio. For typical sideband generators operating@ — _1). For this case,

submillimeter wavelengths, the pump signal is, for practical
reasons, at a relatively low frequency (in the microwave or Gy = 201og ZZsinc <k£)‘ dB. @)
millimeter-wave range). This use of a low-frequency pump To To

has importan.tl aclivantag_es and in;plication.s. Inhgeneral, M&r both types of modulation, the power converted to the first
power is available at microwave frequencies than at Smeéll'deband is optimized with a 50% duty cycle, resulting in a min-

limeter-wave frequencies to modulate the impedance presengd ., -onyersion loss of 9.94 dB for Fig. 1(a) and 3.92 dB for
to the incident carrier. In addition, the parasitics associatgﬁig 1(b), as given by Kelly

with the varactor are usually not as significant at microwave In most implementations, a sideband generator will be
frequencies as they are at submillimeter wavelengths. M mped with a sinusoidal microwave source rather than a
S?gnificantly, a Iow-frequenc_y pump signal applied to _th(gﬂuare wave. Consequently, the conversion gain will be some-
sideband generator results in an output spectrum ConS'StW%at lower than the idealized situation described above. In
of a large number of closely spaced sidebands around igyision  diode series resistance and reverse breakdown wil
submillimeter-wave carrier. As a consequence, it is difficult Q:Tegrade sideband generator performance to some extent. The

impractical to control the embedding impedance presentedstipnme circuit shown in Fig. 2 represents a basic implemen-

each relevant sideband. A pragmatic approach is to terminatetg”On of a sideband generator and may be used to examine
sideband frequencies with identical matched loads. This reSLHEsrformance tradeoffs. The microwave pump source is assumed
in a simple and broad-band circuit with reasonable embeddi{}ghave a 5m impedaﬁce and the submillimeter-wave carrier
impedances. Kelly has shown that a lossless mixer with t 1.6 THz) is produced by a 120-generator, corresponding
sidebands terminated in matched loads and conductance dri eTE;o-mode impedance for the reduced-height waveguide
between a perfect op(()an-cwcun and a pe_rfect Shor_t'F'rCLfHat is used in this study. Typical GaAs whisker-contacted
perform; best at a 50% duty cycle and yields a MINIMUGLractor diodes designed for operation at terahertz frequencies
conversion loss of 3.92 dB [21]. have zero-bias junction capacitance in the range of 5-15 fF,

The lossless mixer described by Kelly gives a practical imi o resistance on the order of@gand breakdown voltages
on submillimeter-wave sideband generator performance afdg 15/ The inductance in the circuit represents a whisker

can be understood by examining the Fourier components of g2+t and is chosen to resonate with the varactor, producing a
modula'[.lon Wavefqrms shown in ':'9- 1. For varactor S|deba| ge phase variation (ideally, 180 Since the series resistance
generation, the microwave pump signal effectively modulates, f,nction of the depletion region width, designing the
the reflection coefficient presented to an incident submilyq,qtor to resonate with the varactor when the active region is
limeter-wave carrier. In Fig. 1(a), this reflection coefficient "Cfully depleted minimizes power dissipation in the diode.
switched between a perfect match and perfect open circun.-l-he circuit shown in Fig. 2 was simulated using Applied
This. situat_io.n corresponds_ to binary amplitude .Shift keyi.”ﬁ/ave Research’s Microwave Office (version 4:()he varactor
and is reminiscent of a carrier being modulated with an opticgh s reated as an ideal nonlinear capacitor with a junction po-
chopper. The conversiagain (in decibels) from the carrier 0 o yia) of 1 v and grading parameter of 0.5 (corresponding to
the upper or lower sideband is, in this case, an abrupt junction). The nonlinear conductance of the Schottky
T junction was modeled as the standard exponential dependence
G, = 20log T sinc <k—> ’ dB (1) with an ideality factor of 1.2 and reverse breakdown voltage of
0 10 V. Fig. 3(a) shows the predicted conversion gain of the side-
wherek = 1 for the first sidebandsinc(z) = sin(rz)/rz, Pandgenerator asafunction of pump power for different values

andT/Ty is the pump duty ratio. Fig. 1(b) illustrates the cas@f junction series resistance. The diode series resistance and

considered by Kelly in which a C?‘rrier is Phase_mOd_UIated bylAppIied Wave Research Inc., EI Segundo, CA. [Online] Available:
a pumped element whose reflection coefficient is switched b@tp://imww.appwave.com
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simulation, the submillimeter and microwave pump frequencies are 1.6 THz
-10 and 2 GHz, respectively, the series resistance is fixed at22%which
. corresponds t@’;, of 1.8 fF), the bias voltage is-3 V, and the parasitic gap
8 15 capacitanc€’, is neglected.
C
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Q
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2 0V post series inductande. For the simulations shown in Figs. 3
7] - . . .
e s // . 12‘\‘:, and 4, the microwave pump frequency is 2 GHz and the submil-
© / Y limeter-wave source is fixed at 1.6 THz.
-30 = -4V For low-sideband generator conversion loss, it is important
| that the junction capacitance of the varactor resonate with
-35 1 . e .
% 0 5 10 15 20 the_z post mduc_tance at_ the _subm_llllm_eter carrier frequency.
Pump Power (dBm) It is worth noting and is evident in Fig. 3(a) that, given a
(b) series inductance, a relatively large series resistance can be

tolerated to achieve the necessary junction capacitance so long
Fig. 3. (@) Conversion gain versus available pump power of a varact@s this resistance is significantly smaller than the impedance
sideband generator for different values of series resistance. The reverse-gigsthe submillimeter-wave source. Reducing the height of

voltage is—5 V and the zero-bias junction capacitance is directly relatde.to . . .
by the cutoff frequency. (b) Conversion loss versus available pump power the waveguide further (and, thus, reducidg) would permit

different bias voltages and a series resistance dR26or these simulations, the use of varactor diodes with larger anode diameters (and
the submillimeter source impedanég is set to 1202 (corresponding to correspondingly IargeCjo and smallerR,). However, in this

the TEqo-mode impedance in the reduced-height waveguide), the serj - - L . . .
inductance is 15 pH (reactance of 180at 1.6 THz), and the parasitic gap gﬁjdy’ the practical decision to limit waveguide dimensions to

capacitance’, is neglected. The submillimeter-wave source frequency is 1/8alf-height was made to facilitate fabrication and assembly of

THz and the microwave pump signal is fixed at 2 GHz. the circuit.

junction capacitance are not independent and the results shown lll. D ESIGN CONSIDERATIONS

in Fig. 3 assume the diode has a fixed cutoff frequeficyf The varactor sideband generator presented in this paper is
3.5 THz, wheref. is given by the usual expression based upon the circuit shown in Fig. 2 and was implemented in

a reduced-height waveguide using a whisker-contacted varactor
- - (3) diode. A diagram of the basic structure is shown in Fig. 5(a).
2 RsCjo An initial design was implemented using the waveguide mount
model developed by Eisenhart and Khan [22] and this was re-
fined using Ansoft Corporation Inc.’s High Frequency Struc-
t8fe simulator (HFSS).The use of a planar Schottky varactor

. b) sh he simulated sideband would allow easier assembly of the circuit, but the presence of
Fig. 3(b) shows the simulated sideband generator conversia high-permittivity GaAs substrate introduces a large para-

gain versus available pump power for different bias VOItageseltic capacitance across the diode junction that, in simulations,

Clearl_y, sideband generator conversion gain improves with iH'amatically degrades the performance of the sideband gener-
creasing pump power (at 10 dB per depade forlow pump Ievelaior_ Consequently, the circuit described in this paper employs a
saturating as the pump voltage amplitude approaches the

. . i , fthar whisker contact similar to that developed at the Ruther-

voltage. At high pumping levels, the varactorimpedance is mo]q)—rd Appleton Laboratory, Oxfordshire, U.K., by Maret al.

ulated over a larger range of values, producing a greater phivzsg
1231.

variation in the reflection coefficient presented to the subm
limeter carrier. Fig. 4 illustrates the sideband conversion 10SS a8ansoft corporation Inc., Pittsburgh, PA. [Online] Available: http:/fwww.an-
a function of microwave pump power for different values of theoft.com

£ !

with R, being the diode series resistance &n@ being the
zero-bias junction capacitance. For comparison, the convers
loss limit derived by Kelly is also shown.
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Fig. 5. (a) Di how half of the sideband X with sputtered chrome/gold seed layer. The plating mask was
ig. 5. (a) Diagram showing one-half of the sideband generator waveguige, : . .
housing. A varactor diode chip is mounted to the waveguide housing wiﬁ?rmed from an ultra-thick negative photoresist SU-8 [25].

conductive epoxy and a planar whisker extends across the waveguide chaAdéer plating, the backshort was removed from the SU-8 mold

to make contact. (b) Diagram of the integrated diagonal horn showing the hqﬁd soldered to a brass post connected to a micrometer.
length L and aperture parameter

Fig. 6. Photograph of the sideband generator. The microwave pump signal is
feed through a low-pass filter to a planar whisker that contacts a varactor diode
backshort chi p.

varactor diode

B. Planar Whisker Design and Fabrication

A. Waveguide Design Electrical contact to the varactor is provided through a planar

To produce a full 180 phase shift, the series combinatiorwhisker, shown in Figs. 5 and 6. A low-pass filter is integrated
of the varactor and whisker inductance shown in Fig. 2 muistto the whisker to prevent the submillimeter carrier from prop-
be tuned from a high impedance to a low impedance relatiggating to the microwave pump source. This filter was designed
to Zy, i.e., the characteristic impedance of the submillimetevith the aid of HFSS and the relevant dimensions are shown
waveguide. Given typical and realistic submillimeter varactdn Fig. 5. The width of the whisker (16m) was chosen to pro-
equivalent-circuit parameters, it is difficult to achieve large imvide the inductance needed to resonate with the varactor without
pedances relative to the full-heighit<;o-mode impedance of introducing a significant gap capacitan€g that would shunt
2404. Consequently, a half-height waveguide (dimensions tfe diode. To allow sufficient force for contacting the varactor
40 x 160 ;xm) was chosen as the propagation medium for tlemodes without being too large to fit into the anode well, the
sideband generator. With these dimensions, the waveguide wkisker tapers to a point and has a thickness between 85%—-90%
hibits single-mode propagation over the 1190-1746-GHz barmd.the anode diameter [23]. The length of the taper was chosen

The waveguide block was fabricated through electroformirtg minimize the parasitic gap capacitar{cg, ) across the diode
by Custom Microwave Iné.and included an integrated diag-without exceeding 25% of the waveguide height, which is the
onal feedhorn to couple the submillimeter-wave carrier fromaiterion given by Eisenhart and Khan for validity of their wave-
far-infrared laser to the varactor [see Fig. 5(b)]. The feedhorguide mount model [22].
which has a lengtll, of 2.92 mm and aperture dimensiarof The planar whiskers were fabricated by sputtering approxi-
0.374 mm, was designed based on the work by Johansson aradely 700 nm of chrome and gold onto a quartz substrate. The
Whyborn [24]. HFSS simulations were performed to verify thathiskers were then patterned photolithographically with an AZ
the reduced-height waveguide is not cut off where the horn iR4110 photoresist and defined by a wet chemical etch. The por-
troduces a section of a notched waveguide in the transition ten of the whiskers containing the low-pass filter and wave-
gion between the antenna and rectangular guide. The wavegujdale probe (but excluding the taper) was gold plated to a thick-
channel between the planar whisker and feedhorn (280n ness of several micrometers (approximately 20%) to reduce
length) was chosen to be short enough to minimize sidewahmic losses and provide greater tensile strength for contacting
losses, but sufficiently long to allow decay of the evanescethie varactor anodes. Finally, the quartz substrate was dissolved
fields in the vicinity of the varactor. in hydroflouric acid (49% solution) to release the whiskers.

To permit adjustment of the impedance presented to the
varactor, the waveguide design included a tunable backsh@t. Varactor Design and Mounting

The backshort was fabricated by plating copper through asince the phase modulation produced by the sideband gen-

SCustom Microwave Inc., Longmont, CO. [Online] Available: €rator results from resonance .betw.een a varactor and the series
http:/Avww.custommicrowave.com inductance of the whisker, the junction capacitance of the diode
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undepleted epilayer diode junction TABLE |
P — OPTIMIZED DIODE AND PLANAR WHISKER PARAMETERS FORSIDEBAND
Lineria Repi R; GENERATION AT 1.6 THz
‘w_ Anode diameter 0.8 um
o—r o Doping 2.3x 107 ¢cm™3

/:/r /l/r Epilayer thickness 0.21 pm

Co C. Series resistance 25 Q

P J Junction Capacitance (Cjo) 1.0 fF

Fig. 7. High-frequenc_y circuit m_odel for a varactor diode [2B],,; andC,; Ga;};(g;;;ral((:jiltl;;(gc(ec ) 2)64%?

represent the conduction and displacement currents through the undepleted g

epitaxial region. L;,e,tia Models the carrier inertia. All components are
functions of the junction voltage. In the above expressionss the epilayer
thickness;z,; is the depletion widthA is the diode areg; is the permittivity,
m* is effective masg; is the fundamental unit of charge is mobility, ando .

is the conductivity of the epitaxial layer.

| FIR Laser

Martin-Puplett Diplexer

Microwave
Oscillator

is the critical design parameter. At submillimeter wavelength
it is also important to consider the parasitics associated with t| IF Output
diode mount, as well as effects such as carrier inertia and plas m
resonance in the undepleted epitaxial region [26]. The equin ¢ - “cbe
lent circuit shown in Fig. 7 was used to model the varactor
this study. The component values are related to the device ph
ical parameters, as shown in Fig. 7, and include a voltage-dep
dent resistor, inductor, and capacitor that represent both cond
tion and displacement current through the undepleted epilayer,
as well as carrier inertia. Fig. 8. Measurement setup for the 1.6-THz sideband generator. The
Carrier velocity saturation, which limits how fast a dep|eMartin—PupIett diplexer is used to rotate the polarization of the laser output.
tion region’s width can be modulated, has a profound influence

on submillimeter varactor multipliers operating at high-powegyoyght into contact with the varactor. This technique allows
levels [27], [28]. Velocity saturation, however, is not expected {onitoring of electrical contact to the diode by connecting
play a significant role in the performance for varactor sidebapge probe to a curve tracer. Once contact is made, the shim is

generators due to the relatively low frequency of the modulatingoxied to a microstrip transmission line that lies further back
pump signal. Consequently, velocity saturation effects were Ngong the waveguide cross channel.

glected in the diode model used for this study.

The complete diode model of Fig. 7 was simulated using
the Hewlett-Packard Company’s Microwave Design System
and the diode epilayer and anode contact were optimized forThe output power and conversion efficiency of the varactor
maximum sideband conversion efficiency. In these simulatiorsgdeband generator were measured using the experimental
an equivalent circuit for the planar whisker, consisting afetup shown in Fig. 8. The submillimeter carrier was generated
the series inductancé and gap capacitanc€,, shown in with a CO,-pumped far-infrared laser, which produced 3 mW
Fig. 2, was included. Resulting parameters of the varactor aoidoutput power at 1.6 THz. This carrier passed through a 3-dB
whisker-embedding circuit for sideband generation at 1.6 TH#ylar beam-splitter and the two resulting beams were directed
are listed in Table I. Given these parameters, nominal valueso the input ports of a Mach—Zehnder interferometer. The
for the diode’s epilayer circuit model elements at zero bias amems of the interferometer were adjusted to provide half the
Repi = 18 Q, Copi = 0.4 fF, andLinertia = 2.7 pH. The plasma laser power (1.5 mW) to the sideband generator. The remaining
frequency of the diode epilayer is calculated to be 4.7 TH2.5 mW of input laser power was used to drive a corner-cube
In addition, spreading resistance is expected to contributexer.
approximately &2 to the varactor’s series impedance. The submillimeter-wave carrier was focused into the diagonal

A GaAs varactor with the device parameters given in Tabldéedhorn of the sideband generator block with an off-axis para-
was fabricated in the Semiconductor Device Laboratorgplic reflector and the microwave pump power was provided
University of Virginia. An ohmic contact was fabricated orthrough a subminiature assembly (SMA) coaxial connection.
the backside and the wafer was diced into chips measurifibe coupling efficiency to the diagonal horn was not accounted
50 um x 50 um x 75 pm. DC measurements indicated thafor in our measurements. Consequently, the submillimeter car-
the varactor had a series resistance of2énd a breakdown rier power input to the sideband generator was taken to be the
voltage of 7.8 V. The diode was mounted into the sidebandtal power incident onto the face of the diagonal feed horn. The
generator waveguide block using conductive epoxy and cursidebands produced by the modulated varactor reradiate from
at 60°C for 7 h. Contact was made to the anode by bonding tltige feedhorn and are focused back into the Mach—Zehnder inter-
planar whisker onto a 1-mil-thick brass shim using conductiferometer, where they pass directly through to the corner-cube
epoxy. The shim was attached to a probe and the whisker waser.

< Sideband
Generator

Off-Axis

Parabolic Mirror

NS

Mixer

Off-Axis
Parabolic Mirror

<— Mach-Zehnder
Interferometer

IV. MEASUREMENTS
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The conversion gain in this plot is double sideband.

loss of the mixer. With 20 dBm of microwave pump power,
the varactor sideband generator produced an estimatgth\b5

of single-sideband output power with a carrier-to-sideband
conversion gain of14 dB. The theoretical curve was obtained
using the software package Microwave Office with the diode
and whisker parameters given in Table I. Fig. 9(b) shows
the sideband generator performance as a function of dc-bias
current. For this measurement, the diode was biased with a
current source and then the microwave pump applied. Allowing
the varactor to be driven slightly into forward conduction
results in additional modulation of the junction capacitance and
improves the sideband generator conversion efficiency [29].

F][g- 9. (a) Plot of the sidebang genere(itt)c))r ﬁonvt—;-rsri]on %aig az a functifpr all these measurements, the microwave pump source was
of microwave pump power at 1. Hz. Plot of the sideband general " :
conversion gain as a function of bias current. For this measurement ﬁ%t to a fixed frequency of 1.8 GHz, correspondlng to the IF

microwave pump power is 20 dBm and the pump frequency is 1.8 GHz. ~ amplifier and filter used for the corner-cube mixer.
The conversion gain of the sideband generator as a function of

The conversion loss (13-dB double sideband) and noise tetr)r'?-ckShOrt position is shown in Fig. 10. Although, in typical ap-

: . X Ipl£cations, one sideband is usually filtered out, the corner-cube
perature of the corner-cube mixer were determined in a separaté

measurement using thermal radiation from a hot/cold blac:kbogin ces between these mixing products that result from the prop-

source that filled the field-of-view of the corner-cube antenng. _ X .
This measurement, which was repeated several times durin gtlon delay between the sideband generator and the mixer can
' P 9iVe a significant effect on the measured IF output. The conver-

i : V
testing of the 3|d_eband genera’For, was found to b_e _repeatasb%zn gain shown in Fig. 10 is double sideband and, as is clear
over a range of input local-oscillator powers to within a fe he data. the backshort has a dramatic influence on the Su-
tenths of a decibel. It should be noted that the gain of corné?mt € f h | . -
cubes can vary significantly from antenna-to-antenna due Qgrposmon of the upper and lower sideband mixing products.
variations in sidelobe radiation, which can be quite high. In addi-
tion, there will be a coupling loss between the input beam from V. DiscussioN
the sideband generator and the receiving pattern of the cornein this paper, we have described the application of varactor
cube. For the results presented below, the optics of the measuliedes to generating sideband radiation at submillimeter wave-
ment system were adjusted to maximize the power receivedlbpgths. The technique uses a relatively simple resonant circuit
the corner-cube mixer. However, no attempt was made to ctw-phase modulate an incident submillimeter-wave carrier. Al-
rect for coupling losses to the antenna or to account for othtiough the fundamental idea is not new and has been investi-
losses in the measurement system. Consequently, the measyated extensively at microwave frequencies, varactor sideband
ments presented below should represent a conservative estingateeration has not been exploited widely as a technique for pro-
for the power output and conversion efficiency of the sidebarllicing tunable submillimeter radiation.
generator. The varactor sideband generator studied in this paper has
Fig. 9(a) shows the measureihgle-sidebandconversion shown a carrier-to-single-sideband conversion loss of 14 dB and
gain of the sideband generator as a function of microwave purap output power of 5%W. It should be noted that the output
power. The sideband power incident on the corner cube wamver measured from the sideband generator was limited by the
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