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ABSTRACT

A theoretical analysis of upconverters, and an experimental waveguide-type upconverter and downconverter at120GHz

are described. Anupconverter with an output power of 2.5

dB and an RF bandwidth of 35 GHz were obtained.

[1] INTRODUCTION

A guided millimeter-wave (mm-wav<z) transmission system

in Japan, W–40G, has been developei and the field evalu-

ation test is successfully being continued.1 The W-40G
system uses a frequency range of 43-87 GHz. This paper
reports the works on n-GsAs Schottky–barrier diode (SBD)
upconverters and downconverters beyond that frequency

range.

In designing the circuit and diode tobeused, theoretical

studies concerning the impedance,, voltage and current

waveforms, and power relation are necessary. An SBD is

characterized by two nonlinealities of resistance and of
capacitance. As for downconverters, an analysis which

takes into consideration these two nonlinealities has been
reported.2 In this analysis, differential equations of
voltage and current with respect to time are built and
they are solved by means of the Runge-Kutta-Gill method.
However, there have been no reports on theoretical works

of upconverters using an SBD.

In this paper, first an analysis of SBDupconverters is

shown . The analysis is based upon the similar concept to

that of the downconverters.2 Then an experimental upcon-

verterand downconverter in the120-GHzband are described.

[11] UPCONVERTERS

2.1 Voltage-current relations and differential equations

Fig.1 shows an upconverter circuit. Three circuits are

connected to anSBD: amm-wave circuit, an IF circuit, and
a 3C circuit. (The mm-wave circuit represents both the
local-oscillator circuit and output circuit.) Each circuit

has an excitation or signal source: a local oscillator
(freqUency:fLO), an IF signal SOUr’te (freqUenCy:fIF), and
a DC bias source. Those circuits are separated by three

ideal filters, each of which short–circuits for wanted
frequencies and opens for unwanted frequencies. Since the
diode is capacitive, inductances are connected inthe mm-
wave and IF circuits to make the impedances be matched to

the diode. The inductance in the DC circuit is a choke

inductor.

In Fig.1, the voltage-current relation of the SBD is

IT=Is[ exp(eVB/nkT)-l l+co(l-VB/$ )-y~VB/~t

VT=RsIT+VB.
(1)

From voltage–current relations of the SBD and connected

circuits, one obtains a set of differential equations with

respect tO IF phase angle ~ (~=~t, ~=hTfIF) aS fOllOWS:

dI~/d@=[E~sin n@-~1~ -RsIrr-VB-V~]/(Q%) (2)

dIIF/d@=[EIFsin O -RIFIIF -RSI~C- VB-VF1]/(QLIF) (3)

dIDc/dO=[EDc -RDcIDc-RsI,c-VB-VFD]/(QLDC) (4)

&B/d~ = [1~+ IIF+ IDC -Is{ exp(eVB/IlkT)-l }]/(~CB) (5)

where n iS an integer and shows t“me ratiO Of fLO tO fIF.
Each resistance andinduc.tance is assumed to take the same
value for all frequencies. This is approximately valid
when IFis very low compared to local-oscillator frequency.

MMF short-circuits for kfIF(k~mi-l) and opens for DC and
fIF, 2f1F,- -., mfIF. IFF short-circuits fOr fIF, 2fIF$

dBm, and a downconverter with aconversion lossof 9.2+0.7

. . . . mfIF, and opens for DC and kfIF(k&l). DCF short-

circuits only for DC and opens for other frequencies.
Then the voltage drops of filters V~, VF1, and VFD are

where VT~ is the ith Fourier expansion component of VT.

mfIF is chosen to be near the cutoff frequency of the
waveguide used for the mm-wave circuit.

2.2 Numerical computation

By computing the steady-state solutions of l!qs. (2)-(5)

and by their Fourier components with reSpeCt t:O fL(), fIF
and fOUT, one can know the voltage-current waveforms,
impedances, and input-output power relation o:E theupcon-
verter. Anupper-sideband upconverter is considered here.
The Output f?RqUenCy fouT h the sum Of fL() and fIF.

The process of computation is as follows:
(1) Voltage drops of filters After setting the diode
parameters (listed in Table 1), source voltages (Em, EIF,

and EDC), resistances and inductances of three external

circuits, and the initial values of V~, VFI and VFD, one

computes the steady-state solution of VT by means of the

Runge-Kutta-Gill method. From their Fourier components,

more accurate voltage drops of filters are given. Correct

V~, VFD and VFDare obtainedby iterating this COIIIpUtatiOn.

(2) Matched impedances In order to utilize the local-

oscillator and IF powers effectively, the impedances are
necessary tobe matched to the diode. For obtaining this
matching condition, the resistances and inductances are
varied so as to satisfy the following equations:

R~+juLm= [VTn/ITn’l*> RIF+jQLIF= [vTl~lT~ 1* (7)

where ITZ is the Lth Fourier expansion component Of IT.

(3) Voltage and current waveforms, and power relation

By iterating processes (1) and (2), one can obtain the
voltage and current waveforms, impedances, and power re–
lation with a sufficient accuracy. The available powers

of the local-oscillator and IF source, PLO and PIF, their
delivered powers to the diode, PLOIN and PIFIN, and the
OUtpUt power POUT are

PL()= lE~12/ 8R~, pTF= lEIF12/8RIF,

PLo1N=2Rc[ VTnITn*], pIFIN=2R~[ VTIITlkl Y (8)

PoUT=-2!7@[ VTn+fITn+l* ].

2.3 Computed result

Computed characteristics for fLO=l10 GHZ, ‘IF=ll GHZS
and foUT =121 GHz are shown belOw. Let us consider the

R-1200 rectangular waveguide (frequency:90-140 GHz; inside
dimension:2.032xl.016 mm2) for the mm-wave circuit. Since
the cutoff frequency of this waveguide is 73,7 GHz, m is

set at 7 in the computation. The diode parameters used

in the computation are listed inTablel. Theywereobtained
by measurement of n-GsAs SBD’S (honeycomb type) placed
in waveguide-wafer-type diode holders.

Fig.2 shows computed voltage and current waveforms as

a function of IF phase angle. Fig.2(a) is the waveform
of VB (voltage across the barrier). It shc)ws that the

voltage waveform is far from sinusoidal. From the maximum

reverse voltage, one can know a necessary reverse break–
down voltage of the diode. (The breakdown vOltage relates to
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the impurity concentration and thickness of epitaxial

layer. ) Fig.2(b) is the current waveform. The current

through the barrier resistance (dotted line) is also shown.
The current through the barrier resistance folws during
half a cycle ofIFand the displacement current dominatea

the other half cycle. From these waveforms one can know

the power spectra for various harmonic frequencies. The

power spectra are important imformationin designing filters
for suppressing spurious interference and in estimating

reliability of diodes in practical transmission aystev.s
use. Fig.3 is the power spectra. The lower sideband has

aPProximate~y the same level as the upper sideband.

Fig.4 shows diode impedances for various local-oscillator

powers as afunction of IFpower. The resistances increase

gradually with increase in IF power. Fig.5 is the input–
output power relation for various local-oscillator powers.

2.4 Experimental result

An upconverter using the R-1200 rectangular waveguide and
ann-GaAs honeycomb SBD has been built. An unencapsulated
diode is mounted in a waveguide-wafer-type diode holder.
The heightof the waveguide where the diode is mounted is

0.3 mm. Transition betweenthe reduced and standard wave–
guides is made by a tapered waveguide. The other side

of the waveguide is terminated by a reduced-height wave–

guide short. The IF coaxial line is cross-coupled to the

mm-wave waveguide. Theupper-sideband signal is separated

from the local-oscillator and lower-sideband powers by a

circulator and a cutoff filter. The diode parameters

measured3 at 120 GHz with this waveguide-wafer are listed

in Table 1. The series resistance includes RFloss in the
IF coaxial line. Breakdown voltage of the diodeis 12V.

Fig.6 shows the input-output power relation of this
upconverter. The output power is 2.5 dBm when PLO=PIF=
12.5 dBm.

Thermal loss of the waveguide short and reflection loss
are estimated below. VSWR of the short is about 6, and

the resulting loss is estimated as ldB. VSWR of the diode

is 2.5 for both Iocal–oscillator frequency and IF. There-

fore, the total reflection loss is estimated as 1.2 dB
(including asaturation effect of 0.5dB). An increase in

output power of 2.2 dB is expected when one makes the

circuit complete. If one considers these circuit imper-

fection, the experimental result agrees with the theoret-
ical computation.

[ 7S1 ] DONNCONVERTERS

An experimental broad-band downconverter is described

below. An n-GaAs SBD is mounted in a reduced-height(O.3

mm) R-1200 waveguide–wafer. In this downconverter, lossy

dielectric material (epoxy resin with carbonyl iron) is

inserted into the coaxial line of IF circuit. The funda-

mental structure is the same as the previously reported

60-90-GHz downconverter$ Since the loss of the inserted
material is large in the mm-wave region and is slight in

lower frequencies, it suppresses ripples in frequency
response caused byRFreflection within the coaxial line.
This downconverter has no special circuits for rejecting

the image or other harmonic frequencies.

Fig.7 shows a measured conversion loss as a function of
signal frequency. The local–oscillator frequency isvaried
so that the IF is kept constant (=1.7 GHZ). The circuit is
fixed within thewhole frequency band. The input VSWR for

local-oscillator frequency is less than 2.5 and the con-

version loss is 9.2f0.7 dB for 90–125 GHz.

Since the inserted lossy material degrades the effective
diode Q, conversion loss degradation is of interest. The

diode Q is 2.9 and 5.1 for the case with and without the
lossy material, respectively. The author computed the
conversion loss of an image–matched downconverter for
various Q’s by means of themethod described in [2]. (Fig.8)
From Fig.8, the increase in conversion loss is about 1.5
dB .

JIV] CONCLUSION

Theoretical and experimental works on Schottky-barrier

diode converters in the 120-GHz band have been reported.

The voltage and current waveforms, power and impedance

relations of upconverters have been made clear by the

analysis. Experimentally, an upconverter with an output

powerof 2.5dBm anda downconverter with aconversion loss

of 9.2~0.7 dB (90-125 GHz) have been obtained.
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Emsinwt ‘EIFsin~t ‘ EDC

IR=Is[exp(eVB/nkT)-l], Ic=CBdvB/dt

IT=IR+Ic=I~+IIF+IDC

lll=2TfL(), fi=211fIF, ti=n~

Fig.1 circuit construction of the upconvertero

Table 1 Diode parameters used in the upconverters.

I IS I Saturation current, 1.4x10-14 A I
n Slope factor of current, 1.1

Rs Series resistance, 17 Q

CB Junction capacitance, CB=CO(l-VB/$)~

co Junction capacitance at zero-bias, 0.022 pF

Y Slope factor of capacitance, 0.3

‘$ Diffusion voltage, 0.85 V

e/kT =40 [ l/V] at room temperature

IS and rl were measured

measured at 120 GHz.

at DC. Rs, Co, and y were
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(a) Waveform of VB

I
o lrJ2 T 3TJ2 27T

W*P~O~Lo~ai-o’scilia<or’po&e;

IF PHASE ANGLE

50

;

-o

z

E
D~.

-500
IT12 3Tr/2 27

IF PHASE ANGLE

-4 I I n 1 ! I I 1 I I I 1

2 5 10 1!
IF POWER PIF [ dBm ]

M Iwut and output pow= relation of the
upconverter.

-6

65
.%

~ VOltage and current waveforms. pL~.P1F=12.5dBm,
EDC=OV, RDC=300 Q.

0

% -lo

d –20

~

: –30

g -40

w
-50

0
-5

-R

-2 15
I; POWER PIFIO[ dBm ]

Fig.6 Input and output power relation of an
experimental upconverter.
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Fig.7 Conversion loss versus signal frequency of an

experimental downconverter. Diode junction diameter=
3pm, bias voltage=0.6 V (forward), and Rs=30f2(includi
lossy material).
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~ Diode impedance looked at IF and local–
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PIF. PLO is 14 dBm for (A), 11 dBm for (B), and
8 dBm for (C). EDc=OV,andRDc==300 $2.

~ computed conversion loss of downconverters.
CO=O.02 pF, and Rs is varied according to

Q=l/(2nfLOCoRs) .
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