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A Nonlinear Analysis of Schottky-Barrier
Diode Upconverters

MASAMI AKAIKE, MEMBER, IEEE, AND KAZUHITO OHNISHI

Abstract—A nonlinear computer analysis of Schottky-barrier
diode upconverters by means of obtaining the steady-state solutions
of differential equations characterized by the diode and connected
circuits is shown. Both the nonlinearities of barrier resistance and
capacitance are taken into consideration. The waveforms of the
voltage and current at the diode, impedance, and input—output power
relationships are computed for 120-GHz upconverters.

I. INTRODUCTION

REQUENCY upconverters have been widely used in
Ftransmitters of the microwave and millimeter-wave
transmission systems. There are two kinds of diodes used:
Schottky-barrier diodes and p-n-junction varactor diodes.
In varactor diode upconverters, since a sufficient dc bias
voltage is applied reversely to the diode and no conduction
current flows during operation, frequency conversion is
performed through only the nonlinearity of the junction
capacitance. In Schottky-barrier diode upconverters,
however, the forward conduction current flows across the
barrier during a certain period of time whereas the diode is
reversely biased, and both the nonlinearities of barrier
resistance and junction capacitance contribute to frequency
conversion.

For designing the upconverter circuit and diode to be
used, it is necessary to know their characteristics, such as the
impedances, input-output power relationship, and voltage
and current waveforms at the diode. For varactor upcon-
verters, there have been excellent theoretical papers already
reported,’ and various fundamental characteristics have
been made clear. As for Schottky-barrier diode upconvert-
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! There have already been published good textbooks on varactor diodes
and their applications, such as H. A. Watson, Microwave Semiconductor
Devices and Their Circuit Applications, New York: McGraw-Hill, 1969,
and M. Miyagawa, Varactor Diodes and Their Applications, Tokyo, Japan:
Industrial Daily News, Ltd., 1969. Original papers are found in these
textbooks.

ers, however, since the frequency conversion mechanism is
related to two nonlinearities, and the current- or voltage-
excitation model commonly assumed in varactor upcon-
verters is not realistic, the treatment is more complex, and
perhaps the analytical calculation is impossible.

According to the past experience on millimeter-wave
upconverters, Schottky-barrier diodes exhibited better char-
acteristics with respect to ease in circuit adjustment and
suppression of unwanted spurious oscillations [1]. In the
guided millimeter-wave transmission system in Japan,
W-40G system, Schottky-barrier diode upconverters were
preferred for that reason [2]. Although Schottky-barrier
diode upconverters are believed to be very important com-
ponents in practical communication systems in the micro-
wave region and above, there have been no theoretical
papers dealing with their characteristics in detail.

It is the purpose of this paper to present a theoretical
investigation of Schottky-barrier diode upconverters by
means of computer-aided numerical analysis. There aretwo
approaches of analysis possible: 1) the time-domain
approach in which differential equations of voltage and
current, with respect to time are built, and their steady-state
solutions are obtained, and 2) the frequency-domain
approach in which the voltage and current components of
specific frequencies are first assumed, simultaneous equa-
tions with respect to these components are made utilizing
the voltage-current relationship of the diode, and then they
are solved.

The time-domain approach is used in the present paper.
Although this method of analysis can be used for any
frequency, the present computation is performed at 120
GHz. In the analysis the following points are assumed.

1) An unencapsulated diode is directly mounted in the
waveguide, i.e., the diode case capacitanceis not considered.
Furthermore, the equivalent circuit of the diode is somewhat
simplified. The parameters of the diode used in the computa-
tion are determined by small-signal measurement. A
detailed discussion is given in Section II.
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2) Three external circuits are connected to the diode, and
the current components of all frequencies flowing into and
generated from the diode flow in either of these three
circuits. The impedance of each external circuit takes the
same value for all frequencies. This is approximately valid
when the local-oscillator (LO) frequency is much higher
than the intermediate frequency (IF), and the output power
levels of harmonics of LO frequency and IF are very low
compared to these two input power levels. We will discuss
on this point later in Sections III and IV in more detail

3) The ratio of the LO frequency to the IF is equal to an
integer n. With this assumption, we can easily obtain the
steady-state solutions of voltage and current waveforms.

II. EQUIVALENT CIRCUIT AND PARAMETERS OF A
SCHOTTKY-BARRIER DIODE

Since the characterization of the diode to be used is our
first concern, the equivalent circuit of a Schottky-barrier
diode and its parameters are discussed here. The actual
equivalent circuit of an unencapsulated diode, directly
mounted in a waveguide, is rather complex, since the
parasitic capacitance between the whisker and the wave-
guide wall is added in parallel to the junction and series
resistance (Fig. 1(a)). The major part of the series resistance
R, is the spreading resistance inside the semiconductor
epitaxial layer. Although the parasitic parallel capacitances
are connected in an intricate manner in terms of equivalent
circuit depending upon their distances from the junction, we
divide them, for simplicity, collectively into two lumps C
and C,,. C,, represents the capacitance which exists very
near the junction, and C,, the total parasitic capacitance
which exists between the whisker and the waveguide wall,
more than several times the junction diameter away from the
junction. Since the spreading resistance is mainly deter-
mined by the region within several times the junction
diameter, C,, is approximately considered to be added
outside R,. In practical cases, the junction capacitance being

fairly large compared to C,,,? the equivalent circuit of Fig. -

1(a) is approximately simplified as shown in Fig. 1(b). It
should be noted that C,, includes C,,; and C,,, as well as the
real junction capacitance C,, and R, is a function of C ,,
C,,,and C,. We use this simplified equivalent circuit of Fig.
1(b) in the computation. Furthermore, we assume that C,is
expressed as the form?

Cre=Co(l — Vi/¢)™" (1)

where ¢ and V3 are the diffusion voltage and the voltage
across the barrier, respectively, and we call C, and 7y the
junction capacitance at zero bias and the slope factor of

2 According to a theoretical consideration, C,; = C,, =0.004 pF for
the usual whisker dimension [3], whereas the junction capacitance at zero
bias measured by the authors (the form of Fig. 1(b) assumed) is 0.02-0.03
and 0.06-0.08 pF for 5-um and 10-um diameter n-GaAs Schottky-barrier
diodes, respectively.

3 In a strict sense, the quantity y is not constant for any value of ¥, and
it deviates from 0.5 of the ideal one-dimensional case, because 1) C,,
contains C,; and C,,, and 2) the depletion layer extends itself with in-
creasing Vj, in the direction of diameter in a planar-type diode [4].
However, we approximated it as constant, and determined it from
measurement.
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(b)

For CJ2>>C 2
p

2

Ry : Barrier resistance

CJ : Junction capacitance CJe’—"CJ + Cpl + Cp2
2
C_., C_,: Parasitic capacitances (CJ +C 1)
P! P Rse: Rs' 2
R_: Series resistance (CJ + Cp1 + sz)

Fig. 1. Equivalent circuit of a Schottky-barrier diode directly mounted
in a waveguide. {a) The parasitic capacitance between the whisker and
the waveguide wall is divided into two lumps C,, and C,,. (b) When C,
is fairly large compared to C,, the equivalent circuit can be simplified.
We assume the form C;, = Co(1 — Vp/@).

TABLE 1
D10DE PARAMETERS USED IN THE UPCONVERTERS
. ~14
Is Saturation current, 1.4X10 A
n Slope factor of current, 1.1
se Series resistance, 17 8%
Cjo | Junction capacitance, CJe = Co - VB/¢)‘ v
CD Junction capacitance at zero-bias, 0.03 pF
Q Quality factor of diode, Q =1/(2 IfLOcoRse)

Y Slope factor of capacitance, 0.3

¢ Daffusion voltage, 0.85V

e/kT | =40 [1 /V1 at room temperature

Note: I, and n were measured at dc. R,, C,,, and C, were measured
at 120 GHz and include parasitic capacitances.

capacitance, respectively.
As is well known, the voltage-current relationship of a
Schottky-barrier diode is expressed as*

Iy = IJexp (eVy/mkT) — 1] + Co(1 — Vi/dp) 7 dVy/dt

VT = RseIT + VB (2)

where V1 is the voltage across the diode terminals, I ;is the
sum of the conduction and displacement currents, I, is the
saturation current, n is the slope factor of current, and
e/kT =~ 40 at room temperature. I and #n are determined
from the V-I curve measured at dc and its plots on a
linear-logarithmic scale [S]. It is commonly assumed that
these two quantities do not change with frequency.
However, R,,, Cy, and y should be determined from RF
measurement, since the equivalent circuit of Fig. 1(b) is an
approximate form. The authors measured R,,, C,, and y
with n-type GaAs Schottky-barrier diodes with different
diameters and listed the average values for 5-um-diameter
diodes® in Table I. We use these values in the computation.

* The conduction current is assumed to be not affected by parasitic
capacitances.

5 Although the impurity concentration and thickness of the semicon-
ductor epitaxial layer were slightly different for different diodes, they were,
respectively, 2 x 10°3/m® and 1 um on the average. The measurement was
made with the diode mounted in a waveguide wafer-type diode holder.
Therefore, R,, includes circuit losses near the junction. :
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In the last part of Section V, however, Q (the quality factor of
diode, =1/wCy R,,) and y are varied in order to examine a
more extensive relationship between upconverter character-
istics and diode parameters.

Although the series resistance R, is mainly determined by
the spreading resistance in the semiconductor epitaxial
layer, and the depletion layer is a function of Vj, let us
assume that the equivalent circuit parameters measured at
small-signal levels are valid for large RF and IF excitations.

II1. Crcult DESCRIPTION

The upconverter circuit discussed in the present paper is
shown in Fig. 2. Three circuits are connected to a Schottky-
barrier diode®: a millimeter-wave circuit (the millimeter-
wave circuit represents both the LO circuit and output
circuit), an IF circuit, and a dc circuit. Each circuit has an
excitation or a signal source: an LO whose frequency is f} o,
an IF source whose frequency is fir, and a dc bias source.
These three circuits are separated by three ideal filters, each
of which presents short-circuits for particular frequencies
and open-circuits at other frequencies. Since the diode is
capacitive, inductances are connected in the millimeter-
wave and IF circuits to match their impedances to the diode.
The inductance in the dc circuit is a choke inductor.

From voltage—current relationships of the diode, and the
connected circuits, one obtains a set of differential equations
with respect to IF phase angle 8 (0 = Qt, Q = 2nfig) as
follows:

dIMM/dB = [EMM Sin n9 — RMMIMM - RseIT
~ Vi — Vend/(@Luaw) 3)
dI]F/dH = [EIF sin (0 + p) — R]FIIF
= Ry Ip— Vg — VFIF]/ (QLIF) (4)
dIDc/d9 = [EDC — Rpclpc — Rse Ir— VB - VFDC]/(QLDC)
(5)
dVp/d8 = [Iym + Ir + Inc — I
- {exp (eVa/nkT) — B/(QC,.) (6)

where n is an integer and shows the ratio of fio to fip,
I = Iym + Iir + Ipc, and p is the IF-phase angle. In these
equations, the first three equations correspond to the three
external circuits, and the last equation to the diode. The
unknown variables to be solved are Iy, Iir, Ipc, and V.

Each resistance and inductance is assumed to take the
same value for all frequencies. This assumption is in appear-
ance not appropriate from two viewpoints: 1) first, the
characteristic impedance of a rectangular waveguide is a
function of frequency, and 2) second, the impedances for
higher order modes are likely to be different from the
fundamental-mode impedance. However, when the IF is
very low compared to the LO frequency (this is a very
common case) the difference in characteristic impedance

6 In a practical diode, R, is a function of frequency, since it contains the
circuit loss, and the skin depth 1s a function of frequency. However, in this
analysis, R, is assumed constant for different frequencies.
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Schottky-barrier
diode

Mm-wave IF
1rcuit circuit

cxrcuxt

Ip= Is (exp (eVB/7 kT)-1], 1

=Cje dVy/dt, C

c ge = Co (1 -vg/e)’

IT =IR+IC=IMM +XIF +IDC
= 27”LO = 27[fIF, w=nsh

Vp= IpRee * VB

Fig 2. Circuit construction of the upconverter. Three circuits (a milli-
meter-wave, an IF, and a dc circuit) are connected to a Schottky-barrier
diode.

with frequency can be neglected for sidebands near the LO
frequency. And since the level of the sideband decreases
rapidly as its frequency goes away from the LO frequency,
different termination for these sidebands has less significant
effect on the signal output power. The effect of 2fr on the
signal output power is discussed in the following section.

In the dc circuit we allow only dc current to flow. In the IF
circuit we allow the IF current components from fig to mfg.
In the millimeter-wave circuit we allow the current compon-
ents higher than mfjz. Then the voltage drops across the
filters Vemm, Ve, and Vepe, are expressed as

Vimm = — Z VTieﬁQt Vap = — VTieﬁQ
lil<m lil=(m+1),=0
Vepc = — Z VTieﬁQt (7)
i£0
where Vg, is the ith Fourier component of
Vi[= Rse(Imm + Lie + Inc) + Vs]. mfie is chosen to be near

the cutoff frequency of the waveguide which is used for the
millimeter-wave circuit.

IV. NuMmEeRricAL COMPUTATION

By computing the steady-state solutions of (3)-(6), and by
their Fourier components with respect to fio, fir, and four
one can determine the voltage and current waveforms at the
diode, impedances, and input-output power relationship of
the upconverter. An upper-sideband upconverter is con-
sidered here. Therefore, the output frequency fouris the sum
of fLo and fiF.

The computation process is shown in more detailin Fig. 3
and below.

A. Voltage Drops Across the Filters (Vemm, Vers Venc)

First we assume the constants in (3)-(6) at appropriate
values: the diode parameters listed in Table I, source
voltages (Emu, E1r, and E ), resistances and inductances of
the three external circuits. Then we solve the differential
equations over one period of IF and obtain steady-state
solutions of four variables by means of the Runge-Kutta—
Gill method. From their Fourier components (obtained by
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DIODE PARAMETERS

EXTERNAL CIRCUITS

LDIFFERENTIAL EQUATIONS |

|

[ FOURIER ANALYSIS
—iEATCHED IMPEDANCE l

ENPUT AND OUTPUT POWERS I

lFILTER VOLTAGE;I

MATCHING CONDITION

Fig. 3. A detailed computation process.

the fast Fourier transform) and (7), more accurate voltage
drops of the filters are given. Correct values are obtained by
iterating this process.

B. Matched Impedances

In order to utilize the LO and IF powers effectively, the
impedances of the external circuits are necessary to be
matched to the diode. Since the input impedances of the
diode looked at the IF and LO frequency are V5, /I 1, and
Vra/I s, respectively, the resistances and inductances are
varied so as to satisfy the following equations:

Rum + jo L = [V /I r]*
Rip + jQLip = [V /I r4]* (8)

where I 7;1s the ith Fourier component of I 1, and the asterisk
denotes the complex conjugate.

C. Computation of Characteristics

By iterating processes (A) and (B), we can obtain various
upconverter characteristics, such as the voltage and current
waveforms, matched impedances, and input-output power
relationship with asufficient accuracy. The available powers
of the LO and IF source, P\ o and Py, their delivered powers
to the diode, Py oy and Pipn, and output power Pyt are
represented by

PLO = |EMM|2/8RMM P]F = |EIF‘2/8RIF
Promw =2 Re [Vr,I1,] Pirin=2 Re [Vp; %]
POUT = —2 Re [VTn+ 1 I¥n+ 1]' (9)

When the LO and IF impedances are sufficiently matched to
the diode, P, and Py are very close to Py o and Pig s
respectively.

V. COMPUTED RESULTS

Let us compute upconverter characteristics for fi o = 110
GHz, fir = 11 GHz, and four = 121 GHz. In the 120-GHz
range, the R-1200 rectangular waveguide (frequency:
90-140 GHz; inside dimension: 2.032 % 1.016 mmz) is
commonly used. Since the cutoff frequency of this waveguide
is 73.7 GHz, m in (7) is set at seven in the computation. The
diode parameters used are listed in Table 1. Let
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Waveform of V; as a function of IF phase angle for P o = P =
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Fig. 5. The impurity concentration and thickness. of the diode epitaxial
layer which give just punchthrough when the reverse voltage reaches its
maximum:. Py, = Py Input power to the diode is P, o + Py

Rpc =300 Q, Epc = 0V (the diode is self-biased) and p in
(4) be zero.

Fig. 4 shows the waveform of the voltage across the
barrier (V) as a function of IF phase angle. It shows that the
voltage waveform is far from being sinusoidal. The reverse
waveform is important, because from the maximum reverse
voltage, we can determine a necessary breakdown voltage of
the diode. Breakdown voltage is related to impurity concen-
tration and thickness of the semiconductor epitaxial layer
[4]. Therefore, we can specify impurity concentration and
thickness of the diode epitaxial layer from the analysis.
When the maximum reverse voltage exceeds the breakdown
voltage of the diode, the avalanche ‘breakdown current
flows, and the junction is probably thermally broken. If the
breakdown voltage is much higher than the maximum
reverse voltage, on the other hand, unswept region of the
epitaxial layer provides excess series resistance which
degrades the diode Q. The impurity concentration and
thickness, which give just punchthrough when the reverse
voltage reaches its maximum, are shown in Fig. 5. This offers
one measure when we design diode material constants.

The current waveform is shown in Fig,. 6. The solid line is
the total current, and the dotted line is the conduction
current -through . the barrier resistance. The conduction
current flows during about half a cycle of IF, and the
displacement current dominates in the other half cycle. This
means that the nonlinearity of capacitance, as well as the
nonlinearity of resistance, also contributes to frequency
conversion  efficiency in  Schottky-barrier  diode
upconverters.
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Fig. 6. Waveform of current as a function of IF phase angle for
Po= Pyp=125dBm. : total current; ——-—- : conduction cur-
rent through the barrier resistance.
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Fig 7. Power spectra. Broken lines show input powers (P and P; o) and
solid lines show generated powers from the diode. Py o= Pip= 12.5
dBm.

The power spectra are shown in Fig. 7. The broken lines
show the input powers (Pyo n and Pig ), and thesolid lines
show generated powers from the diode. The lower sideband
has approximately the same power level as the upper
sideband. These power spectra offer important information
in designing the filters for suppressing spurious interfer-
ences, and in estimating the reliability of diodes in practical
transmission systems.

It has been assumed that the impedance in each external
circuit takes the same value for all frequencies. The effect of
different termination for harmonic frequencies is discussed
here. Let us assume that the input-output power relation-
ship is linear. Fig. 7 tells us that the signal output power
(fio + fir component) generated by the mixing of 2firand
fro — fir is about 30 dB below the LO (or IF) power level,
and by 2fio and fio —fir is more than 40 dB below.
Consequently, even if the terminations with respect to 2f10
and fio, and to 2fir and fir are different, ie., even if the
second-harmonic impedance is quite dlfferent from the
fundamental mode impedance, the output power is little
affected (within a few percent) by it.

Fig. 8 shows inputimpedances Z pyvand Z ppofthe diode
looked at LO frequency and IF. Although the resistive
components of Zpyy and Zpye increase gradually with
increasing Py, they are expressed as

Re [ZDMM] = Rs(l + 6Q)
Re [ZDIF] = Rs(l + néQ), é =06-0.7 (10)

where Q is the quality factor of the diode and n = fi0/fr-
Above equations are useful in designing practical circuits.
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Fig. 9. Input and output power relationship of the upconverter.

The input-output power relationship is shown in Fig. 9
for various LO powers P o. When the IF power is very low,
the output power increases linearly with IF power. And then
a saturation effect occurs when the IF power becomes
comparable to the LO power. The authors have built an
experimental upconverter at 120 GHz. The experimental
result showed a good agreement with the theoretical
analysis [6].

So far, we have shown computed results for fixed diode
parameters. In order to get a more extensive view, we
examine how the diode parameters affect the power conver-
sion efficiency. Efficiency is often represented by conversion
loss, which is the ratio of Py (or Pio) to Poyr. The
parameters which mainly determine the quality of the diode
are the diode Q, slope factor of capacitance y, and slope
factor of current 5. Since # is very close to unity for usual
Schottky-barrier diodes, the conversion loss for various Q
and y are computed here. For simplicity, let PLo = Pg. Fig.
10 shows the conversion loss versus Q for different excitation
levels. When Q is small, the conversion loss increases rapidly
as Q decreases. As Q is inversely proportional to frequency,
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Fig. 10. Conversion loss versus diode quality factor @ for different exci- |
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Fig. 11. Conversion loss versus diode quality factor @ for different y.

one can-regard Fig. 10 as the conversion loss as a function of
frequency. Fig. 11is the conversion loss versus Q for different
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y. For diodes with lower Q, the conversion loss is more
affected by 7.

VI. CONCLUSION

A computer-aided time-domain nonlinear analysis of
Schottky-barrier diode upconverters has been shown. The
numerical computation has been performed in the 120-GHz
range. By the theoretical analysis, the fundamental charac-
teristics of upconverters, such as the voltage and current
waveforms at the diode, matched impedances, and input—
output power relationship, have been predicted.

Since the analysis basically utilizes the steady-state solu-
tions of differential equations characterized by the diode and
its external circuits, this concept is readily applicable to
other large-signal Schottky-barrier diode devices such as
frequency multipliers and modulators.
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