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Abstract

The use of GaAs Schottky barrier varactors (SBVs) for high frequency
multiplication has long been establish. In order to theoretically analyze the performance
of these devices, several different approaches have been realized among which are
equivalent circuit modeling, drift-diffusion modeling, and Monte Carlo modeling.
Equivalent circuit modeling, such as the analytical models derived by Penfield and
Rafuse , offer a fast and efficient method for analyzing these non-linear devices.
However, the solutions of these analytical models rely heavily on undetermined
coefficients. In an attempt to solve the problems associated with the Penfield and Rafuse
technique, Burckhardt empirically solved for the undetermined coefficients, creating
closed form expressions. These analytical models have demonstrated reasonable
accuracy for SBVs in the frequency range of 1-50 GHz. However, at high frequencies,
the usefulness of these analytical models is limited due to their inability to model high
frequency electron transport phenomenon . To accurately model high frequency transport
phenomena in GaAs SBVs, a Monte Carlo Harmonic-Balance (MCHB) simulator has
been developed and offers considerably better precision over results obtained from
Harmonic-Balance simulation incorporating equivalent circuit modeling for the diodes.
Although the MCHB and DDHB methods offer superior accuracy, they are time and CPU
intensive and can take from several hours to several weeks to reach a complete multiplier
design. To decrease simulation complexity and maintain precision, we have derived a set
of analytical design equations with semi-empirical coefficients derived from the MCHB
simulator. Since these expressions for device and circuit impedance, efficiency, output
power, and d.c. bias are independent of each other and rely solely on nominal device
specifications, they allow for co-design from both a device and circuit point of view in a
relatively simple, efficient, and accurate manner. Results from the set of design equations
are compared to both MCHB simulations and experimental results for the UVA 5T1 100
to 200 GHz frequency doubler.

1. Introduction

The use of GaAs Schottky barrier varactors (SBVs) for high frequency
multiplication has long been established. In order to theoretically analyze the
performance of these devices, several different approaches have been realized among
which are equivalent circuit modeling, drift-diffusion modeling, and Monte Carlo
modeling. Equivalent circuit modeling, such as the analytical models derived by Penfield
and Rafuse [1] , offer a fast and efficient method for analyzing these non-linear devices.
However, the solutions of these analytical models rely heavily on undetermined
coefficients. In an attempt to solve the problems associated with the Penfield and Rafuse
technique, Burckhardt [2] empirically solved for the undetermined coefficients, creating
closed form expressions. These analytical models have demonstrated reasonable
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accuracy for SBVs in the frequency range of 1-50 GHz. However, at high frequencies,
the usefulness of these analytical models is limited due to their inability to model high
frequency electron transport phenomenon [3-4]. To accurately model high frequency
transport phenomena in GaAs SBVs, a Monte Carlo Harmonic-Balance (MCHB) [5]
simulator incorporating the Monte Carlo simulator of [6-7] has been developed and offers
considerably better precision over results obtained from Harmonic-Balance simulation
incorporating equivalent circuit modeling for the diodes [8-9]. Although the MCHB
method offers superior accuracy, it is time and CPU intensive and can take from several
hours to several weeks to reach a complete multiplier design. To decrease simulation
complexity and maintain precision, we have derived a set of analytical design equations
with semi-empirical coefficients derived from the MCHB simulator. Since these
expressions for device and circuit impedance, efficiency, output power, and d.c. bias are
independent of each other and rely solely on nominal device specifications, they allow for
co-design from both a device and circuit point of view in a relatively simple, efficient,
and accurate manner. Results from the set of design equations are compared to both
MCHB simulations and experimental results for a frequency doubler to 200 GHz using a
UVA 5T1 varactor diode.

II. Device and Circuit Equations

The following analysis determines a set of equations for the optimal performance
of SBV frequency doublers. This set of equations describes the relationship between
voltage, current, and power derived from the equivalent circuit model shown in figure 1.
Parasitic impedances due to the substrate have been lumped into the linear equivalent
circuit embedding impedances and are appropriately accounted for in the calculations of
power and efficiency. The following analysis is similar to that of [1-2], but includes the
effects of both the nonlinear resistance and capacitance elements.

Given that
av(t) . 1
C(t) e i(t) ¢y
and  R(t)=L(-w) @)
a

where p is the resistivity of the undepleted active region, a is area of the anode, { is the
length of the diode active region, and w(t) is the time dependent depletion width,
equations (1) and (2) can be rewritten as

o i,

+

v(t)

T
.

Figure 1 Equivalent varactor circuit model

R()
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I :
w(t) = '[_CT(—tSl(t)dt = [S@)i()ar 3)
_Pg_fa,_pPn_ 4
and  R(¢) . (¢ C(t)) - [t —eaS()]. 4)
Therefore, the time dependent voltage across the diode terminals can be written as
w(t) = —p—ti(t) —-epS()i() + j S(1)i(?)dt (5)
a

Following the approach of Penfield and Rafuse [1], if an input pump frequency of w, is
fed into a harmonic multiplier such as a GaAs SBV, only integer multiples of the form
ko, are present. Thus the Fourier representation of the voltage, current, and elastance

take the form
)= ) V, e/
v( ) k;ﬂo k (6)
i(f)= Y I, e™ (7
k=—0
OB ®)
k=—x
The waveforms v(t), i(t), and S(t) are all real which permits the simplification that
V=V,
L,=1I; ®)
S-k = Sl:

where * indicates the complex conjugate. Since the Fourier coefficients are simply phase
modified time-averaged values of the time-varying waveforms,

v =L ?v(t)e_l%dt = <v(t)e"j"‘°"'> (10)

k ]Z) 3

and similarly i
Ik =<i(f)e_jkm°’> a1
S, = (S(t)e"f’“""’). (12)

Substituting equations (10), (11), and (12) into equation (5) yields
{ N o 1 o
v, = %lk —ep(S()i(t)e ™) + (Sie)  (13)

0
Finally, combining like terms and substituting equations (7) and (8) into equation (13)

yields

pl 1 .
Ve =_a—1k +(jk0)0 (l‘Japkmo)JZ':LSk—l (14

where both k and { range from - to +o. Equation (14) describes the equivalent varactor
circuit model in the frequency domain.
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Since our analytical model only describes the operation of abrupt junction
Schottky barrier diodes, the time-dependent elastance may be expressed as

S() =
gN

C( 0 (15)
where Ny is the dopmg concentratlon of the active layer of the device. Because the
current and charge are related, we can relate equation (15) to the current via

. do(t) ds(t)
)=—"—=¢gN,e——-.
i()=""=qgNe— 16)
In the frequency domain, the current can be expressed as
D> L™ =gN,e iZSkej"""”
P dt %
. (17)
= gN e(jko o)z Syer.
- :
Since both the summations and phases are identical, we can compare term by term which
results in
I, = jko ,(gN ,£)S,;. (18)
We define the Complex Modulation Ratio, My, as the normalized elastance coefficient,
S
M, =+ (19)
Sevg

where S;vp = (Smax + Smin /2 , Spax is defined as the reciprocal of the capacitance at
reverse breakdown, and Sy, is defined as the reciprocal of the capacitance at zero bias.
Substituting equations (18) and (19) into equation (14) gives the expression for the
harmonic voltage at k

A ,
V= D1, 4 @N2)S (1 -epiko )Y M, M, , 20)
The combination of equations (18) and (20) allow us to calculate the device

impedance and efficiency. The input impedance at the n™ harmonic (where n represents a
specific value of k) is given by

14 pf ZMrMn—r
Z,="==4+8, (- jepnw ) ~-—— 1)
n In a avg( JEP 0) jno)oMn

If we extract only the real pa.rt of equation (21), we arrive at the expression for the
resistance of the diode at the n™ harmonic

oo [ A
R" Re{ } a +Sm,g[nm0 GPB":| (22)

where A, and B, are real coefficients related to the real parts of the complex modulation
ratio summations. The diode reactance at the n'™ harmonic is given by the imaginary part
of equation (21)
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G,
X,=Im{Z,}=5,, [nmo —apD,,] 23)

where C, and D, are real coefficients related to the imaginary parts of the complex
modulation ratio summations. The device efficiency is given by the ratio of the output
power at the harmonic of interest to the available input power to the device. Given the
complex modulation ratios at each harmonic, each frequency can be considered
individually and the expression for the input power at the fundamental frequency (n = 1),
using equations (18-19) and (22), becomes

Pw=2R +R )" =2(N,8)’S2,03m} (R, +R,))  (24)
where m, = | M, |. R, is the device parasitic resistance in the substrate and the contact
regions of the device as well as the circuit. R, is always positive and was lumped with the
linear embedding circuit impedance at the beginning of this analysis. The second
harmonic output power for a doubler is given by a similar expression as equation 24)
with the substitution of R, for R, which results in

P = 2Ry + R\L[" = 2(qN,2)’S2, 402m (R, + R,). (25
Since power is generated at the second harmonic, both R, and P, are negative for typical
doubler designs. As Penfield and Rafuse point out [1], the modulation ratio m, is always
less than m, since the varactor is not an ideal nonlinear capacitor. Also, at frequencies
approaching the diode cutoff frequency m, ~ 0 since the second harmonic current is
approximately zero. We approximate m, with the following

m =~ %amf(l ~Bfo /£ forBf, < f, where
1 6)

© 22R,C,,

where o and B represent the relationship between the modulation ratios m, and m, and f;
represents the cutoff frequency. R, is the maximum resistance across the diode active
region which we define to be (p! / a) and Crax 1s defined as the capacitance across the
active region at zero bias. The product of Ruax and Cp,, represents the charging time of
the device and the factor of 2.2 accounts for the rise and fall time (the time it takes the
device to charge to 90 % and discharge to 10 % of its final value). The inclusion of the
cutoff frequency in the modulation ratio aids in the modeling of the effects of diode
length and doping on efficiency. The second harmonic power generation efficiency is
given by the ratio of the second harmonic output power (25) to the available input power
(24) with the substitution of equation (26) for the modulation ratios which becomes

P, R, +R, f
= = g1 _2(1-BL,
n P —aR,+R,,( ch) (27

As seen, the parasitic resistance contributes to a decrease in efficiency since it serves to
increase the magnitude of the of denominator and decrease the magnitude of the
numerator in equation (27).

In order to determine the required d.c. bias for optimal performance, we relate the
magnitude of the first harmonic voltage to the d.c. bias. Since increased efficiency is
observed with increased non-linearity in the capacitance, it is desirable to pump the diode
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as close to forward turn-on and breakdown as possible. However, at small incident pump
powers, the magnitude of the voltage may not be large enough to reach forward
conduction or breakdown. Therefore, since the greatest nonlinear effects in the
capacitance are realized when the diode is close to forward turn-on, the d.c. bias should
be set approximately equal to the magnitude of the voltage at the first harmonic. The
elastance of the diode can be related to the charge by
S—Spin  _ 9~ Onin
Suse = San O = O )

where S and q are the unknown elastance and charge at a particular time, respectively, Qur
is the charge at reverse breakdown voltage (Vy,), Qpi, is the charge at the minimum

applied voltage. The voltage is related to the charge and elastance by
0,

Vy, = 'f Sdq or
Orin
Oy~ Qo =———F,
br — Lmin = m br (29)
Since equation (18) can also be written as
Iy = jo kM, (Os, — Onin) (30)

. we can express the current in terms of the breakdown voltage by substitution of equation
(29) into equation (30) which gives the following

. 2
I, = jo kM, S—:;n (31)

By substituting equation (31) into equation (14) and substituting |V, = [V, | with #=1,
gives the following expression for the d.c. bias
1 pl
Vie = m(z%‘ﬂ oX + SV (1 - pw o)K) (32)

where y and k are associated with the complex modulation ratios. Since the MCHB
simulator used does not account for breakdown effects, calculated d.c. bias points may
bias the device too close to breakdown. Therefore, the general very important guideline
applies

v

dc calculated

(33)

1
< IEV"'

III. Design Equations and Coefficients for Doublers

In order to utilize the derived set of varactor equations, all the unknown
coefficients representing the modulation ratios, which generally are unknown, must be
determined. We have solved a global and unified set of coefficients for the analytical
equations (22)-(23), (27), and (32) using very accurate numerical simulation results (the
MCHB simulator described in [5]). Our analysis considers the case of a2 GaAs Schottky
barrier abrupt junction frequency doubler. We have combined multiple real ratios for
each equation into one real coefficient as needed. This results in the following set of
design equations for optimal doubler performance
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pl A J
R=—+S§, |—-¢pB
1= ‘"g[mo p (33)
p C J
R,=—+S_(——-¢pD 34
2 a avg(zmo p ( )
X = Smg(£ - apF) (35)
®,
G
X, =Smg(——apHJ (36)
20,

R, +R
n=—a—2+-—”(l—[3—f£) for f, <f, (37

R +R, f.
P, .. =nF,,, where P, is power generated

S

Vel = a(SmikioSm ) VirX + S :"Sm Vi(l-gpook  (38)

IKI =lVdcl
where A, B, C,D,E, F, G, H, a, B, x, and « are the unknown combined modulation
ratios. These equations form a complete set of diode and circuit specifications for
optimal performance of GaAs SBV frequency doublers. Given a specified diode, the
embedding circuit for optimal performance is uniquely determined and the maximum
efficiency and output power can be calculated. Also, given a specified circuit, the
relationship between the doping and geometry of a diode can be optimally determined for
that circuit. For steady state operation and optimal efficiency, the following expressions
hold true

Zl,diode = Zl‘,circuil and (39)

Zn,diode = —Zn,circuil (n #* 1) (40)
Equations (33) - (36) are used to calculate Z, Giode-

In order to determine the coefficients, MCHB simulations were run on three
different diodes with nominal parameters summarized in table 1 to determine the left
hand side of equations (33) - (38). The choice for using three diodes was based on two
conditions. First, as can be seen in equations (33) - (38), each equation has two
dependent coefficients which would require a minimum of two diode simulations.
Second, we wanted to find the coefficients based on an overdetermined set of equations
which allows for a minimum mean squared error solution instead of a uniquely
determined solution based on two specific diodes. Diodes with doping and length
specifications spanning the typical parameters used for high frequency doublers were
chosen. For each diode, four different input powers were simulated at both 100 and 275
GHz. The best fit for these overdetermined expressions in equations (33) - (38) was
found. For equations (33) - (38), the conventional parameter for resistivity has been used.
We can solve for the resistivity through its definition
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1
gu, N, @D
where q is the charge of an electron, N, is the doping concentration, and we assume p, to
be the doping dependent constant low-field mobility value of an electron in GaAs. The
elastances are calculated as defined earlier. Since [, the length of the diode active region,
and a, the area defined by the Schottky contact, are known, we can explicitly solve for the

Table 1 Nominal Diode Parameters Used to Solve for Unknown Coefficients [10]

Diode Diode Diode Anode Mobility ~ Breakdown
Doping Thickness Diameter (cm*V. s)  Voltage (V)
Density (um) (um)
(em™)
1 2.0x 10" 1.5 7.0 6580 31.5
2 3.5x 10" 1.0 6.3 6400 20
3 4.0x 10% 0.8 4.7 6340 18

Table 2 Results from Monte Carlo/Harmonic-Balance Simulator for Diodes 1,2,and 3
(i.e. Right Hand Side of Equations (33) - (38))

Input Piin Diode R, R, X, X, | S Vil
Frequency (mW) device device device device (mW) V)
(GHz)

1 30.3 -27.5 -243.2 -122.6 -2.07 5.29

7.5 2 229 -25.0 -213.0 -108.5 -2.92 5.33

3 359 -37.6 -282.3 -147.1 -3.44 5.59

1 55.9 -57.3 -273.0 -139.4 -3.58 7.19

18.8 2 39.0 -39.0 -228.3 -116.4 -4.86 7.14

100 3 64.1 -58.9 -315.9 -157.6 -5.72 7.95
1 81.7 -83.2 -305.9 -153.3 -5.12 8.38

29.6 2 53.4 -51.6 -231.7 -118.9 -5.98 7.84

3 79.4 -72.7 -320.6 -162.1 -6.92 8.89
1 102.1 -994 -375.7 -193.4 -5.91 11.77

47.0 2 734 -75.7 -272.4 -135.9 -7.57 9.89
3 96.4 -102.2 -358.7 -181.8 -8.25 11.44

1 17.0 -17.5 -53.6 -30.1 -0.08 1.59

7.5 2 8.6 -11.4 -38.6 -23.0 -0.26 1.47

3 12.0 -14.7 -69.9 -38.0 -0.49 2.29

1 48.1 -48.3 -100.5 -52.9 -0.28 3.04

18.8 2 24.2 -26.4 -57.2 -30.7 -0.74 2.34

275 3 35.1 -35.5 -111.5 -63.1 -0.89 3.67
1 52.4 -55.9 -143.0 -72.5 -0.38 5.01

296 2 352 -33.2 -82.2 -47.0 -0.82 3.53

3 349 -33.2 -123.9 -64.2 -1.51 5.48

1 37.8 -41.9 -171.6 -88.1 -0.44 8.52

47.0 2 33.8 -30.2 -112.3 -64.1 -1.21 5.98

3 29.2 -35.6 -158.2 -79.2 -1.89 8.75
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Table 3 Resultant Coefficients

finput = 100 GHz

Pyin A B C D E F G H a B X K
mW

75 0113 1.681 -0.25 2727 -094 6623 -1.00 2519 0485 5.18 -525 0.825
188 0.173 -0.08 -024 7.02 -1.00 9.025 -098 5149 0394 727 -747 1.15
29.6 0.166 -393 -0.19 1135 -0.85 18.01 -0.89 8452 0289 567 -7.73 1.25
470 0226 -5.13 -0.52 8966 -0.82 28.65 -0.78 15.73 0.187 4.16 -8.34 1.526

finput = 275 GHz
P A B C D E F G H o B % K

7.5 0.027 0.505 -0.07 4.681 -0.55 1509 -0.62 0.845 0.068 426 -0.75 0.308
188 0.036 -3.72 -0.02 9216 -058 76 -0.74 3306 0.064 378 -094 0458
29.6 0.118 -3.59 0.083 1096 -041 1556 -0.59 6.977 0069 4.15 -1.18 0.657
47.0 0259 -0.09 -033 6.727 -0.79 1550 -0.94 7374 0049 402 -1.74 1.05

Gtiven the coefficients in table 3 and equations (33) - (38), optimal device and
circuit parameters can be quickly calculated for a broad range of input powers and
frequencies. Higher harmonic embedding impedances have been shorted.

1V. Design Example

An example of how the design equations and coefficients can be used follows.
For this exercise, we wish to compare the results with known experimental results for the
UVA 5T1 diode [10]. The nominal device parameters are summarized in table 4. Note
that the parameters for this diode are unlike diodes 1, 2, and 3 used for the coefficient
extraction.

Table 4 Nominal Diode Parameters for the 5T1 [10]

Diode Diode Diode Anode Mobility Breakdown
Doping Thickness Diameter (cm’/V s) Voltage (V)
Density (um) (pm)
(cm”)
5T1  1.0x10" 0.6 4.7 5620 10

Step 1: Choosing a diode length, diode doping, and bias point
First, the diode length is chosen, which for the UVA 5T1 is specified as 0.6 um.
Next, the diode doping density is chosen. Since we are using the UVA 5T1 as an
example, the diode doping density, N, , is 1.0 x 10" cm™. Once the doping is chosen, the
avalanche breakdown voltage, V,, should be calculated. The expression for avalanche
breakdown voltage is given as
1
abr 2q Nd
where &g, is the maximum electric field obtainable in the diode. An empirical equation
we have derived from the measured diode breakdown voltages of actual diodes for &, is

g€ =10V @2)
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E nue = 1301072 (Vem?) - N, (cm™) + 4x10°(0),
cm (43)

For the UVA 5T1, &, is 530 kV/em which yields a breakdown voltage of 10 V.
Because the diode can suffer both avalanche breakdown with and without punch through,
the avalanche breakdown voltage (which corresponds to avalanche breakdown without
punch through) and the punch through voltage (which determines when punch through
occurs and indicates the onset of breakdown) must both be calculated. The smaller of the
two voltages should be chosen as the design breakdown voltage, Vpy, , and used in the
design equations (33)-(38). The punch through voltage, Vi 5 is given by
1
V= -zquBl =25V. (44)

Therefore, for this example, the design breakdown voltage, Vp,, , is given by the
avalanche breakdown voltage and is 10 V. Once the design breakdown voltage is found,
the d.c. bias of the device should be determined from equation (38) and for an input
power of 16 mW and an input frequency of 100 GHz, we determine that the magnitude of
the d.c. bias should be set at 4.5 V. If the calculated d.c. bias is greater than Vpu/2 which
violates equation (32), the input power could be reduced until equation (32) is satisfied; if
the device was punch through limited (Vpt < Vi), the length of the device can be
increased; or if the device was not punch through limited, the doping can be decreased. If
any changes are made to the power, length, or doping, the above process must be repeated
until the calculated d.c. bias does not violate equation (32).

Step 2: Determining the optimal embedding impedances, device area, and Q of the diode

Once the length and doping have been determined an anode diameter must be
specified which for our example is 4.7 um. The next step in the solution process is to
solve for the resistivity of the device which can be found using equation (41) and is
calculated to be 0.01 Q-cm. Next, the minimum and maximum elastances must be
calculated. These are calculated from the minimum and maximum depletion widths. The
depletion width, W, is given by

2e(1+V))
w= =20
2 @

where |V| is the absolute value of the applied voltage (approximately zero for the
minimum depletion width corresponding to the minimum elastance and Ve for the
maximum depletion width corresponding to the maximum elastance). For the UVA 5T1,
we calculate that the maximum depletion width, W,,,,,, is 0.40 pm and the minimum
depletion width, W ;.. is 0.12 um. Next, the maximum and minimum capacitances are
calculated
c=%, (46)
W du.

where d,neq. is the device anode diameter, a is the anode area, and W is the depletion
width (Cp, corresponds to Wy, and C,,, corresponds to Whin)- For the UVA 5T1
whisker contacted diode, the anode area is defined by the anode diameter and is given by
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a=T7 (d,poge / 2)2. For the UVA 5T1, we calculate Cmin= 6.3 fF and C,,,= 17.8 fF. This
result yields the following for the minimum and maximum elastances

S, = -1 = 16x10" F
Coin (47)

=56x10" F.

max

Then, given the coefficients in table 3, the optimal device impedances can be solved for
using equations (33) - (36). A comparison of the calculated results and experimental data
are presented in table 5. Since the circuit embedding impedances for the experimental
data are unknown, results for the impedances of the device and circuit are compared to
the accurate MCHB simulator. With the impedances calculated, the Q (Q, = X, /R,) for
the diode can be calculated. For the UVA 5T1, the calculated value for QO at the first
harmonic is approximately 6 (Q ~ 6).

Step 3: Determining the output power and second harmonic doubling efficiency

Once the maximum and minimum elastances and the device impedances have
been calculated, the second harmonic doubling efficiency can be calculated with equation
(37) and the coefficient from Table 3. The cutoff frequency is determined using equation

(26) and we find that
1

max " max

Thus, the calculated doubling efficiency for the UVA 5T1 diode is found to be
approximately 31 % which results in 5.0 mW of output power at the second harmonic.
R, has been set equal to zero for this example. Hence, for optimal performance at an input
frequency of 100 GHz and an input power of 16 mW (n ~ 31 %), the embedding circuit
impedances should be set to Z; = 30.5 +j 180.5 and Z, = 25.3 +j 91.1 and the d.c. bias
should be set to -4.5 V. Estimated performance at other frequencies and powers or using
different diode parameters can be quickly calculated using table 3.

Table 5 Comparison of Design Equations, Simulated, and Experimental Results for the UVA 5T1
Frequency Doubler at an Input Frequency of 100 GHz

Input Power R, R, R, X, X, X, R, R, R,
(mW) cale. sim. exp. calc. sim. exp. calc. sim.  exp.
fin = 100 GHz
16 305 231 NA -1805 -1742 NA 253 245 NA

Input Power xz Xz xz Pz,out Pz,oll( P 20ut Ivd.c.l IVd.c.I IVd.c.I

(mW) calc. sim. exp. mW mW mW cale. sim. exp.
f, = 100 GHz cale. sim. exp.
16 -91.1 -879 NA 5.0 9.0 4.1 4.5 5.0 5.0

Although the calculated impedances cannot be compared to experimental data,
they accurately reflect the values predicted by the MCHB simulator and the calculated
output power and d.c. bias accurately reflect the experimental data. Many different
simulations of various combinations of doping, active layer length, and anode diameter
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were performed. The results using the set of design equations yielded consistently
accurate results with both MCHB simulation and experimental data where available.

V. Conclusions |

A set of design equations for high frequency GaAs SBV frequency doublers has
been derived. These equations maintain the simplicity of equivalent circuit modeling
while offering superior accuracy. The improvements in accuracy arise from the semi-
empirical coefficients contained within the equation set that are derived from a high
performance Monte Carlo Harmonic-Balance simulator. These coefficients are found for
a variety of powers and two frequencies and can be used to solve for either the nominal
diode parameters or the device operating point. Thus, the set of design equations allow
for co-design from both a device and circuit standpoint in a simple, efficient, and accurate
manner.
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