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Modeling and Design Aspects of Millimeter-Wave
and Submillimeter-Wave Schottky Diode
Varactor Frequency Multipliers

Jesus Grajal, Viktor KrozeMember, IEEEEmilio Gonzalez, Francisco Maldonado, and Javier Gismero

Abstract—Design and optimization of Schottky varactor without additional empirical parameters. Furthermore, the
diode frequency multipliers for millimeter and submillimeter  |imjtations of multiplier operation at high powers and/or high
wavelengths are generally performed using harmonic balance geqencies is not well understood. Finally, a predictive design

techniques together with equivalent-circuit models. Using this d circuit Ivsis tool is still missi hich i tial f
approach, it is difficult to design and optimize the device and mul- and circuit analysis ool Is stll missing, which IS essential for

tiplier circuit simultaneously. The work presented in this paper the design of integrated frequency multipliers.
avoids the need of equivalent circuits by integrating a numerical  The scope of this paper is to present a circuit analysis tool,

simulator for Schottky diodes into a circuit simulator. The good which works without empirical parameters and is able to pre-
agreement between the calculated and published experimental

data for the output power and conversion efficiency originates dict the required device and circuit parameters of a frequency
from the accurate physical model. The limiting effects of multi- Multiplier. We focus on the circuit design and operation aspects
plier performance such as breakdown, forward conduction, or of frequency multipliers for millimeter and submillimeter
saturation velocity are discussed in view of the optimum circuit phands. As a design tool, we employ the harmonic balance
conditions for multlp!ler operation |_nclud|_ng bias point, input method (HBM) together with a physics-based drift-diffusion
power, and loads at different harmonics. It is shown that the onset . - . . .
of forward or reverse current flow is responsible for the limitation ~ (PD) numerical device simulator. Our simulator incorporates
in the conversion efficiency. accurate boundary and interface conditions for high forward as
o . well as reverse bias, including impact ionization, nonconstant
Index Terms—Frequency multipliers, harmonic balance L . ) . .
technique, numerical modeling, Schottky diode modeling, semi- Fécombination velocity, self-consistent incorporation of the
conductor simulation, submillimeter-wave multipliers. tunnelling, and image-force effects [11]. The validation of the
numerical simulator has been performed by comparison of
simulated device and circuit characteristics with experimental
results obtained for submillimeter-wave Schottky diodes fabri-
ARACTOR frequency multipliers play a vital role incated at the Technical University Darmstadt (TUD), Darmstadt,
developing all-solid-state power sources at terahertz fréermany, and the University of Virginia (UVa), Charlottesville,
guencies. The key points in the progress of the performanceanid for a number of multiplier circuits published in the litera-
Schottky varactor frequency multipliers have been the enhandace [4], [5].

physical insight into and optimization of submillimeter-wave The integration of numerical simulators for active devices
Schottky diode operation [1], the improvement in frequengyto circuit simulators avoids the need of an equivalent-circuit
multiplier analysis methods since the original work of Siegehodel extraction. This new philosophy accounts for the de-
and Kerr [2]-[5], and in physical analytical Schottky diodgice—circuit interaction and provides another degree of freedom
models [5]-[9], as well as numerical physical device mode{g improve the performance of circuits because they can be
[4], [10]-[12]. The performance of active devices is defined nefesigned from both a device and circuit point-of-view.
Only by their inherent Characteristics, but also by the embedding’rhe simulation tool utilized in this paper and its imp|ementa-
circuit. This coupling can be taken into account by includinfion are presented in Section II. The validation of the tool is out-
a numerical physical model into a circuit simulator [10], [11]jined in Section Il including a comparison of measured dc and
[13]. The main problem in frequency varactor circuit desigrRF performance characteristics with simulated values. In Sec-
today is the inability to reproduce the experimental resulin |v, an analysis of the performance of the frequency multi-
pliers is presented together with an identification of the limiting
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[I. SIMULATION TOOL BASED ONPHYSICAL DEVICE MODEL  The position of the maximum is no longer at the metallurgical
The HBM is the most common technique for the design achottky contact because of the influence of the bias-dependent

large-signal nonlinear microwave circuits. The HBM dependgn"’uge for.ce lowering. The interfa_ce condition fo.r thg C‘?‘”ie.r
critically on the accuracy of the nonlinear element modd&jansportis based on the assumption tha_tthe carrier distribution
employed in the analysis. This model must be valid for a widé@" be modeled by a displaced Maxwellian
range of frequencies, drive levels, and embedding impedances.
The electrical and RF performance characteristics of submil-
limeter-wave Schottky diodes and frequency multiplier circuits Here,n(z,,) is the electron concentration at the maximum
investigated here are based on an accurate physical modéthe barrier anchg(z,,) represents guasi-equilibriumden-
which combines DD current transport with thermionic anglty of electrons—the density that would be present at the top of
thermionic-field emission currents imposed at the Schottklie barrier if the electrons could be brought into thermal equi-
contact. librium without disturbing the potential distributiom,. is the
The model for the carrier transport throughout the bulk igassical recombination velocity. = \/(kT/27m.). v, is the
based on an extended one—dimensional (1-D) DD formulatiegcombination velocity after assuming a displaced Maxwellian
[14]. 1-D simulations are adequate for the current flow undshifted by a drift velocityv iz
the Schottky metal, whereas two—dimensional (2-D) effects like

Ty = qn(xm)vn — qno(Tm )vr- (6)

current spreading can be accounted for by analytical formulas. U = vy - F(€)
The governing equations are Poisson’s equation and continuity = v, |:eXp(—§2) _ /7€ erfe (5)} @)
equations for electrons and holes as follows:
V- (V) = —q(Nf —n+p) 1) me
§ = Vdrift 5L (8)
28T
Vedp— on _ (R—G) 2 —J
nlgy T4 Vdrify = ——— - 9)
g(Tm)
dn In this formulation, it has been assumed that the Schottky con-

(3) tactis located at = 0. This interface condition prevents the
unphysical effect of carrier accumulation at the interface [17],

[18]. Between the point,, and the metallurgical contact, the
Jiot = I+ Jp + Jaisp = I + Jp + ea_E (4) potential is assumed to vary linearly. No mesh points are re-
a quired here for the calculation of the potential and current den-
sities. Newton’s method, Gummel’s method, as well as a hybrid
q ) Newton/Gummel solution method are used for the solution of

(1)—(5) with the interface conditions given in (6)—(9).
Tunnelling transport through the barrier is important for

n, p, NJ are the electron concentration, hole concentration,a§8h0ttky diodes W'th h|gh doping in the" e.p|taX|aI Iaygr. In.
our model, the time-independent Schrodinger equation is

lonized impurity donor concentration, respectively, 1z, andc Ived for arbitrary piecewise-linear potential barriers usin
are, respectively, the electron conduction current density, theE— yp P 9

combination rate modeled by the Schockley—Read—Hall reco h_e_;grrwfsfe; mgttrg(na.zp::‘gh !slegc}’ f[jro]'sghhrz dggde?'zﬂged;?;n
bination, and the generation rate currently restricted to impaﬁ?tlhe ol mqeuofl thelde ice ub t a number ofl a%d't'onglu r'ld
ionization [14]. Furthers,,, T, x, andN, represent the field-de- : volu vice, bu u o an

pendent electron mobility, temperature, affinity, and density &P ints are generated betweey) and the metallurgical contact

statesinthe conduction band, respectively. Similar equations al rder to_ accurately resolve th? shape of the conducUo_n band
in this region. The new expression for the current density can

hold for holes. In (5), the conventional formulation of the posi- ted b imole int tion [211f the t 7
tion-dependent conduction band potential is augmented by ferepresented by a simple integration [21] if the transmission

image force term. In contrast to previous publications, we do n%?efnment T(En, B, ‘./) IS independent of the .tralnsvgrsal
introduce direct barrier lowering of the Schottky barrier heig (‘tompongnt of the k|r1et|c energy; and the distribution
[15]. The simulation domain is divided into a nonuniform mes uncﬂon 'S 9f Maxwellian type for the transversal component
of approximately 100 mesh points and the simulation time is 8¥ the kinetic energy

the order of minutes for one frequency point. J o= A*T /°°
"k

d
Jn = =qunn—(¢ + ¢n) + ELpy,

dx dx

kT
9071:&"'_111 N, +
q q

167ex

wherey is the electrostatic potential,is the permittivity, and

T(E V) |[F:(En V) = Fn(En)] dE,
(10)

A. Boundary and Interface Conditions Emin

Dirichlet boundary conditions are imposed at all metal
contacts for P0|sson§ a}nd carrier c.ontllnu.|ty [14]. In th%minzmax {EF . min {Ec}} (11)
present model, thermionic and thermionic-field transport at ”
the Schottky barrier is introduced by means of an interfagghere A* is the Richardson constart, is the lattice tempera-
condition at the maximum of the barrier at the paint [16]. ture (carrier heating is not considered),E,,, V) is the trans-
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Fig. 1. Schematic drawing of the partitioning of the physical model and linear circuit for the harmonic balance calculations.

1

mission coefficient for the tunnelling transpa#,, is the energy
for the normal component of the carrier velocify,and f,,, are 10-2
the electron distributions in the semiconductor and metal, re w
spectively,E. stands for the conduction band in the semicon- 10-4 :
ductor, andEx, is the Fermi level in the metal. We have as-
sumed thaff, is a displaced Maxwellian distribution arfg, is = 106
a Maxwell-Boltzmann distribution. If tunnelling is not consid- = 5
ered, this equation is similar to that proposed in [16]. 10
10-10 —simulationsi thermionic emission (TE)
B. Coupling the Physical Device Model with Circuit o TE 4 IR o g
Simulation 10-12f - simulations: all effects + recomb. veloc. |
®% measurements
Active devices are usually modeled as lumped equivalent cir . ; : : : :
cuits in commercial harmonic balance codes. There exist sev 03 04 05 06 07 08 09 1 1.1
eral algorithms for the HBM [2], [22], [23], some of which have Vd[V]

been specifically designed to deal with physical device simula- - .
. . . ig. 2. Measured current voltage characteristic of a varactor Schottky diode

tors [24]. The selected algorithm for this study is based on tgéinpared to simulated values for the diode D1038 from TUD. The diode

solution of a system of nonlinear equations using a modifigdrameters are indicated in Table I.

Newton'’s algorithm or Powell’s algorithm, or the optimization

of an error function by using the Levenberg—Marquardt (LM) All the parasitic elements of the diode are absorbed in the

algorithm [25]. The LM algorithm is utilized in the current sim-embedding network and included in the impedance seen by the

ulations because of its efficiency. junction at the different frequencies involved in the multiplier

In our case, the linear circuit is represented by the genetgleration.

coupling matrix, defined byd BC D network parameters, and

the generator impedancg, (f), as can be depicted in Fig. 1. [ll. V ALIDATION OF THE PHYSICAL MODEL
The harmonic balance error equation for each harmosc The physical model has been validated with measurements
then for a large number of diodes in the doping rangeNg§ cpi =
F(V)=0 3-10%%/cm® ~ 3-10'7/cm?, different epitaxial layer thick-
] nesses and various diode diameters ranging fromm 2-20 zzm.
=VimEi- Hi=L,(V) - Gi, fori=1,---,Niarm  The simulated current voltage characteristic for all diodes agree
(12) excellently with the respective measurements. An example is
given in Fig. 2 for the diode D1038. The parameters of all the
where diodes analyzed in this paper are provided in Table I.
1 The contribution of the individual components to the total
H; = W (13) diode current is indicated in Fig. 2. The simulated capacitance

voltage characteristic is also in excellent agreement with the
Z,6f)- Di + B measured values, as demonstrated in Fig. 3. The gimulgtion is
G, =222, 7t (14) extended up to the breakdown voltage, where the junction ca-
Zg(if) - Ci— A; pacitance is known to increase rapidly with reverse voltage [26].
E; are the phasors of the excitations, dh@ndV; are the har-  The RF performance of the simulation tool has been dis-
monic components of the current and voltage at the diode termitssed in [12]. We have performed simulations for two fre-
nals. In the case of frequency multipliefs, is comprised of the quency multipliers published in the literature [4], [5]. In the sim-
dc voltage component and a single sinusoidal signal. The diadations, we do not use any fitting parameters. In all simulations,
is always matched at the fundamental frequency. Six to twelaebarrier height for thé’t Schottky contact of,g = 0.99 eV
harmonics are considered in these simulations, and the impedassumed.
ances at the higher harmonics are set to 0Q0br both the The output power and efficiency versus the input power have
resistive and reactive components, if not otherwise specifiedbeen plotted in Fig. 4 for a frequency doubler¥2100 GHz)
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TABLE |
SCHOTTKY DIODE PARAMETERS FOR
DEVICES FROMTUD AND UVa

Diode Epitaxial Layer Viapc (V) =3

doping (em™?) | length (um) %
D734 10'7 0.350 -10 ’g
D1038 3 x 1077 0.560 —8 §'
UVa 6P4 3.5 x 106 1.0 -20 [4] é‘ : ' ;mea;surem:ents |
UVa 2T2 1.0 x 10%7 0.60 ~11 [33] © O - __+this work ;
for D734/D1038 substrate doping: 2 x 103¥cm =3 o e, . :;'\Sgﬂg_am .

length: 80-100 pm B : : : : : : —‘—o DD’:’B_fdnj
8 9 10 ia! 12 13 14 15 16 17 18
80 input power [dBm}

@)

70k

0D1038 S S
60 ..... : . . . ,: . . . *D734 . . . ..o : : : :
; ; , ; ; ____measurements 1
BOf [ R X R 4 this work
——*MCHB b
~—x DDHB-am

—-0 DDHB-fdm

junction capacitance [fF]
efficiency [%]

210 -8 -6 —4 -2 0 2
voltage [V]

Fig. 3. Comparison between the measured (symbols) and calculated (solid .
lines) capacitance voltage characteristic for two diodes from the TUD D1038 input power [dBm]
and D734. The diode parameters are indicated in Table I. (b)

. Fig. 4. (a) Calculated and measured output power and (b) conversion
utilizingaUVa6P4 Schottky varactor. The results have beentakgfiiency as a function of the input power for a frequency doublefs at 100

from [4] with additional simulations achieved with our mode{Hz [4]. The solid line with symbols+" denotes the results from our model,
(SO|id line with “+” symbols) The techniques usedin Fig 4 ar@e solid line shows the experimental results from [4], and the dashed lines
N A . ) represent calculated results from [4].

indicated as: 1) MCHB: self-consistent ensemble Monte Carlo

harmonic balance simulator; 2) DDHB-fdm: drift-diffusion har-. . . .
. . e . tions, we have used the geometrical area and it is outlined below
monic balance simulator witfield-dependent mobilifyand 3)

DDHB-am: drift-diffusion harmonic balance with constant. 1@t our results would stillimprove when an effective diode area

eragemobility. All simulators overestimate the outputpower[se\(’evoUId have been employed. . . .
We have also compared our simulations with the mea-

. - i oy
Fig. 4(a)] and the efficiency [see Fig. 4(b)] of the doublePiat< sured data for a frequency multiplier using a similar diode

10dBm. Results from our model agree wellabdyg > 11 dBm - . -
and reproduce the measured power slope. The bias voltage at%ég — 80.GHZ [5], _|IIustr§1ted in Fig. 5. At the output, th?
alanced diode configuration has been simulated as a direct

Vi, = —10V, and the loads at harmonic frequencies were Setp%rallel connection of two identical diodes. The agreement
Zy(nfo) = (O.+j0) f2forn > 2, while atthefundamental fre- ith measured data is very good Simulati.ons of the same
quency, the diode was matched. The load impedance atthe ouﬁﬂut ¢ 160 GHz al ' Il at high-inout
Z,(2fo)was optimized for maximum output power foreachinp rrangement af = Z aiso agree well at high-inpu

power and obeys a value B,(2/o) ~ (70+ ;200)Q atan input power levels. Although the simulations presented in Figs. 4

power Py, = 14 dBm. The unrealistic simulated results at Iowand 5 have been performed at different frequencies and with

%Werent circuit structures, we achieve very good agreement at

Inputpowers originate from the perfect match ofthe diode atea] rge power levels, which demonstrates the capabilities of the
power levelin contrast to the experimental setup, where the loagy® P ' P

have been optimized for high-power levels. simulation tool.

This is emphasized in Fig. 4(b), which shows that the result?v ANALYSIS OF V ARACTOR-BASED MULTIPLIER CIRCUITS
from the Monte Carlo code predict efficiencies close to the the- ™
oretical limit at low input power levels, whereas the measured The results from a successful circuit analysis of frequency
efficiency is low and increases with power level. In our simulanultipliers should predict the following parameters determining
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’ : ¢ o this work at fo=80 GHz Constant series resistance model. (b) Variable series resistance model. (c)
" this work at fo=160 GHz Proposed physical model including all effects.
25 g 10 11 1z 13 14 15 16 17 18
input power per diode [dBm] Fig. 6(c)] provide reasonable prediction of the multiplier

®) performance.
In Fig. 6(a) and (b), the Schottky junction is modeled by
Fig. 5. (a) Calculated and measured output power and (b) conversidnparallel connection of a voltage-dependent nonlinear capac-
efficiency as F]funhction ci)f Ithe inpgt powerz for a| fr?quency dozbller dtance and resistance. The series resistance due to the unde-
fo = 80 GHz [5]. The symbols 8" “*" denote the results from our model at i ; ; _
fo = 80 GHz andf, = 160 GHz, respectively, and the solid line shows thePIered reglon in the Semlcond_ucmr _becomes a nonlinear fL_mC
experimental results from [5]. tion of the diode current density at increased current densities
[see Fig. 6(b)]. The nonlinear current dependent series resis-
tance has been considered responsible for the decrease in the
. . . conversion efficiency at high-power levels [1], [5], [27]. It has
the multiplier performance for a given diode structure: outp%t y at high-p [1], 5], [27]
een argued that the displacement current becomes comparable

gfmaer i"r‘]‘a’aﬁgxggggtel];ft'c'aer?g)%l:rn}?eedud:%gF;?c:ﬁgc(;f)t ethe maximum current in the material at high operating fre-
. ; » output, a §uencies. An empirical current-dependent series resistance has
terminals, bias voltagé4,.s, and load impedances at theD

remaining harmonics. Al conventional multiolier desi een introduced in order to fit the measured results, according to
9 ' P gqlii . 6(b). It has to be emphasized that the above analysis did not

methods are based on an equivalent circuit of the SChOtti lude breakdown effects and its impact on the RF operation of

diode presented in Fig. 6(3) [1], [2], [27]. However, this S'mplﬁﬂe frequency multiplier. Furthermore, the series resistance in-

Lneo%i dC:r(]:gcr)tta; xipnla:Jr][ tgsvgrelce:/eealls\?vk:ir::hC(rjlz\éetr)ZIg: ffefn(l:,:gr? Yeases when the current density in the diode approaches the
Y put p ' q aximum current density

observed in experimental results. Improved intrinsic diode
models have to be utilized in this case, as shown in Fig. 6(b) 9Q  9(gNpw)
and (c), which describe the physical behavior of the device with  /max = ¢NDUmax > Jaisp = 57 = — 5,

increasing accuracy. As has been pointed out by Gsijall.
g 4 P y ] ith Jaisp being the displacement current. Dividing both sides

12], at low-input powers equivalent-circuit models, includin g : X
[12] Put P q the available number of electrons yields the maximum ve-

electron velocity saturation phenomena [see Fig. 6(b)] ity with which the ed  the deplefi .
sufficient to accurately predict the multiplier performanc ocity with which the edge of the depletion region can move

However, at high-power levels and near the maximum of the w
conversion efficiency, only accurate physical models [see Umax > It (16)

(15)
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Fig. 8. Efficiency, output power, and dc currendat.; = —7 V for the D734

Fig. 7. Efficiency, output power, and dc currendat.; = —3 V for the D734 varactor Schottky diode.

varactor Schottky diode.

10

wherew is the width of the depletion region. Hence, (16) is . : : .,
equivalent to the argument that the displacement current den- 5L e ™= A _
sity must be less than the maximum current density in the semi- e X : ' / :
conductor in the undepleted regidfis, < Jmax. It cannot be
equal to the maximum current density because this would as-
sume a zero conduction current in the depletion region.

The equivalent-circuit models require a separation of phys-
ical effects into individual equivalent-circuit elements, an ex-
traction of the equivalent-circuit element values from measure-

(=]
T

|
;]
T

+ Pav= 5dBm

voltage [V], current [A]

ments distinct from the operating conditions, and an identifica- g =107~ © Pav=10dBm 1
tion of equivalent-circuit elements with combined effects at high Pa?’= 15 dBm
powers and high frequencies, which is very difficult to achieve.  _; : ; ; : : L

0 5 10 15 20 25 30 35

Therefore, a physical model is proposed, which is based on
results from the previous section. Such an approach enables us
to concurrently optimize the device electrical and geometricalb. 9. vp () andip(t) versus time folii,. = —3 V for the D734 varactor
parameters together with attainable output power, conversigffiottky diode. Operating frequency fs = 50 GHz. The time scale is 32

.. . . . points per period.
efficiency, and the required loads at the specific harmonics.

Although we agree that the current saturation mechanism
becomes important at very high frequencies, typically aboeenversion efficiency coincides with the onset of current flow,
300-GHz fundamental frequency, but it has only a marginalhereas the output power further increases with increasing
effect on efficiency decrease at frequencies below 200 GHaput power. The increase in output power is due to the mixed
which were considered in [1]. The diode 6P4 shows velocitaractor/varistor operation and the decrease in the efficiency
saturation effects only because of its very low doping conceat high-power levels originates from the conversion of the RF
tration in the epitaxial layer. We suggest that the limitation isignal into dc power. The dc power is then delivered to the
varactor operation is due to the initiation of varistor operatiatircuit or dissipated in the device, respectively. It is important to
with a concurrent onset of dc current flow at either end afbserve that the input power level for maximum efficiency does
the current—voltage characteristic. For example, we have usex coincide with the power level for maximum output power.
the Schottky varactor diode D734 from TUD, similar to théig. 11 shows that, at low input power levels, the efficiencies
diode 2T2 from UVa for simulations of frequency doublers anfibr the bias voltagé,;.s = —5 V andVj,;,s = —7 V are nearly
triplers with our simulation tool. It can be inferred from Figs. Bqual. The reason is that the capacitance is nearly constant
and 8 that the maximum conversion efficiency coincides witlor voltages lower thar-7 V. Hence, no effective capacitance
the onset of the dc current through the diode. In Fig. 7, the dwodulation takes place for the negative semicycles. The slight
currentis positive due to forward conduction, as can be depictedrease in the capacitance fgr,; = —5 V has an effect on
from the time-domain waveforms given in Fig. 9. In contraghe tripler performance, but the doubler circuit is insensitive to
to this, the dc current component in Fig. 8 is negative, origihis small variation. Hence, the results for the efficiency of the
nating from impact ionization when the total voltage exceeadbubler circuit are very similar for these two bias conditions.
the breakdown voltage in the device, as indicated in Fig. 18imilar results have been obtained for the the tripler circuit, as
Independently of dc current polarity, the maximum of thendicated in Fig. 12.

time step [32 steps/period]
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Fig. 10. vp(t) andip(t) versustime foby,.s = —7 Vforthe D734 varactor Fig. 12. Frequency-tripler conversion efficiencies and output powers with

Schottky diode. Operating frequency fs = 50 GHz. The time scale is 32 D734 diode for two different bias conditiofi$;,. = —5 V and Vi, = —7 V.
points per period. Operating frequency ig; = 50 GHz.
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Fig. 13. Calculated output power and conversion efficiency as a function of
the input power for two TUD D734 Schottky varactors. The bias voltage is
/bias = —b V and optimum loads are chosen at the second and third harmonic.

The fundamental frequency j5 = 50 GHz. The symbols “*" are for a diode

Fig. 11. Frequency-doubler conversion efficiencies and output powers Wiiiymeter of 6.7.:m and the symbolsd” stand for results with a diode diameter
D734 diode for three different bias conditiol;.s = —3 V, Viias = =5V, 13.4pum.

Viias = —7 V. Operating frequency i, = 50 GHz.

input power [dBm]

A. Impact of the Bias Point and the Series Resistance on
V. MECHANISMS AND PARAMETERS LIMITING MULTIPLIER Multiplier Performance

PERFORMANCE It should be observed in Fig. 11 that the output power levels

for all bias conditions ultimately converge to similar values,
There exist three major mechanisms responsible for thewever, with high dc currents. Operating the diodes at high dc
limitation of the output power and conversion efficiencycurrents is not desirable due to reliability and burnout problems
forward conduction, reverse breakdown, velocity saturatioassociated with high-current high-voltage operation. Therefore,
These mechanisms have a direct impact on the muliplier circtlie bias point for maximum conversion efficiency for a partic-
performance such as the bias point, the maximum voltagkr diode is the point with maximum RF amplitude excursion
swing, embedding impedances, and the load impedancesvahout dc current generation, &ias.opt = (Vo — Via;rr)/2,
the higher harmonics. The forward conduction mechanismvdere Vp, is the diffusion voltage and),q.rr ~ —14 V is
independent of frequency and restricts the positive voltagfee RF breakdown voltage for D734. The maximum conversion
swing of the sinusoidal signal at the device terminals. Thedficiency can also be shifted with regards to the input power
reverse breakdown mechanism is frequency dependent &ydutilizing Schottky diodes with different areas. Fig. 13 illus-
limits the signal excursion in the reverse direction. It can aldmates calculated results for two Schottky varactor diodes D734
lead to current saturation in a well-designed diode by thath different anode diameters. The maximum conversion effi-
increased current flow due to impact ionization. ciency is shifted toward lower values of the input power when
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15 T T T T T wherec,, andc,, stand for the ionization coefficients for elec-
: : : ; trons and holes/,, and.J, are the electron and hole current den-
. o Vbias=-7V sities,3,_, andA,, , indicate empirical parameters for the calcu-
) lation of the ionization coefficientdy,, ,, is the electric field in
= 00 #.+ Vbias=-5V ... the space—charge region, afg.;; denotes the critical field for
e 1 charge generation, respectively. Some authors have pointed out
L\'? . Vbias=-3V that the RF breakdown voltage is frequency dependent and can
s : : be significantly different from the dc breakdown voltage [30],

[31]. This has also been observed in our simulations. One pos-
sible explanation for the frequency dependence is that, at high
frequencies, the conditions for avalanche are achieved for only
a short period of time and, therefore, the carriers in the mate-
¢ : : : : rial may not gain sufficient energy to ionize other carriers. Ad-
05 5 3 35 i 35 25 ditionally, the carrier density does not follow the field change
in unison because the carrier generatioalso depends on the
number of carriers already present, which is described through
Fig. 14. Variation of the real part of the diode impedance calculated from t2). This happens although the impact ionization ratgg in

physical model as a function of the input power at bias voltages = -3V, (17) follow the field change nearly instantaneously.
—5V, =7 V for the diode from Fig. 7.

5 R SR S oo floi S ]

input power [dBm]

the diode area is decreased. The demand for maximum confer-Velocity Saturation Mechanism at High Frequencies
sion efficiency at a prescribed input or output power uniquely High-frequency operation of frequency multipliers is limited

determ|_nes the diode area. The optimum Va“_Je ISa functlonlﬂ; the velocity saturation effect. It has been outlined in [32]
the doping concentration, frequency, and desired outpqt POWEGt the current saturation mechanism should not occur for

because the output power and displacement current both s¢ale, hieved by choosing a sufficiently high doping density in
with the area. Whenever sufficient power is available to PUMRe deviceN,, > Jg /qUmax. The limited carrier velocity
the diode up to maximum conversion efficiency and an appres materials such as GaAs determines the upper bound for

priate matching is realizable, a large-area diode will provide irﬂie rate of change of the space—charge width. Ultimately, the

proved output power performance. _ , signal frequency becomes larger than the maximum electron
As demonstrated in [1] from DD physical calculations, th@elocity (for electrons in GaA®y,., ~ 2.8 - 107 cm/s) and

real part of the diode impedance rises strongly with input POWRo space—charge cannot be modulated. This is the case for

level. We can reproduce this increase, which is illustrated e gpy4 giode at frequencies around 100 GHz because of the
Fig. 14 for the diode used in Figs. 7-10. the thgt, in the Caggy doping concentration. At such high frequencies, other
of reverse breakdown, the real part of the diode impedance {ps,,ency-multiplying mechanisms or different materials like
creases dramatically by a factor of more than 12. Such large\ or |nsh must be considered. It is shown in Fig. 15 that the
changes in the series resistance cannot be solely attribute%&ge of the depletion region can follow the voltage waveform
lowering of the mobility. One possible reason is that, at rés 109 GHz, but cannot follow the voltage waveform at 700
verse breakdown, the total diode resistance never reachesérp_fz_ In Fig. 15, the Schottky diode contact is located on the
zero-bias series resistance values due to the high fields in [p&+ 1214 side of the diagram. It can be seen that the value for
space—charge region. The interpretation of the numerical res ximum depletion widthu,,., ~ 80.55 xm remains nearly

in Fig. 14 in terms of equivalent-circuit elements is not Simp'@onstant for the three frequencies, whereas the difference
and the identification of the individual mechanisms with particbetween the minimum and maximum value of the depletion
ular equivalent-circuit elements is almost impossible in the Ca8Rith Aw decreases strongly with increasing frequencies.
of breakdown. In this case, th_e physical model should be USfla gecreased\w leads to a smaller modulation of the
for the accurate characterization of the diode. space—charge region during one period of the exciting signal,
which, in turn, leads to a smaller capacitance modulation. This
asymmetry is probably due to the finite time required to empty
the space—charge region, while the space—charge region can be
As pointed out above, the generation of charges due to irapidly filled with mobile charges. The transition between the
pact ionization plays a vital role in multiplier performance. Thepace—charge region and the undepleted region is abrupt at 100
model for the generation of carriers due to avalanche multipsHz and slopes with increasing frequencies.
cation is based on the following: The design procedure at high frequencies differs from that at
1 — — low frequencies because the breakdown voltage is no longer the
G= E(a"’u”" + %'JPD (17) limiting factor. Hence, maximum output power and conversion
B Borp efficiency is achieved when the current density is smaller than
np = Ap pexp —< Ec“t ) (18) the saturation current [see (15)]. This determines the optimum
| En.pl doping. The epi-layer thickness is then chosen for minimum

B. Impact of Breakdown Effect on Different Operating
Conditions
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Fig. 17. Imaginary part of the diode embedding impedab¢€&,(f;)} as a
function of input power for the diode D734 for three different bias points.

05

time / 80.8

period a0.55 806 806 o7 8075

80.45 805 TN 1) The sensitivity can be defined in terms of a quality factor at the
© respective frequency
oY

Fig. 15. \Variation of the edge of the depletion region with applied RF voltage . ~ {Zg(fo)} 19
at (a) signal frequency of 100 GHz, (b) signal frequency of 500 GHz, and (c) 0) = : (19)
signal frequency of 700 GHz. The epi-layer dopindVs.; = 4-10%7/cm?, the §R{Zg(fo)}

epi-layer thickness i.,; = 560 nm, diode diameter is pm. . . L
The real part of the diode impedance vary with input power and

frequency, whereas the imaginary part varies essentially only as
series resistance. The circuit is operated at larger capacitagg@nction of frequency. When the quality factoris large, the
values (lower reverse bias). circuit is more sensitive to changes in frequency.
The quality factor@ and the real part of the diode input
impedance versus input power are illustrated in Fig. 16 for the

VI. SYNTHESIS OFOPTIMUM FREQUENCY MULTIPLIERS 6P4 diode. The imaginary part has been omitted because it
changes by less than 10% for all power levels. It can be seen
It has been demonstrated in [12] that the multiplier circuthatQ(fo) = 35, -, 13 at low-power levels below’,, < 6

is more sensitive to changes in the embedding impedancesiBim. For high-input power levels, the variation of the load is
low-input power levels as compared to high-input power levelaeak () ~ 4) and all simulations show a strong increase of
This is independent of the diode considered in the simulatiod®®{Z,( f,)} in accordance with [1], [5].
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TABLE I
MAXIMUM CONVERSION EFFICIENCY OF A FREQUENCY DOUBLER AND
TRIPLER FORP,, = 7 dBm AT THREE BIAS POINTS. THE DIODE USED IN THE
ANALYSIS IS D734. THE FUNDAMENTAL FREQUENCY 1S50 GHz. FoR
THE DOUBLER, THE LOAD IMPEDANCE AT THE THIRD HARMONIC IS
Z4(3fo) = 04 0. FOR THETRIPLER, THE LOAD IMPEDANCES AT THESECOND
AND FOURTHHARMONIC ARE Z,(2fq) = (0 + 70)2, Z,(4fo) = (0 + 70)Q

multiplier | Viias (V) | 7 (%) | Z,(2f0) Q| Zs(fo)
doubler -3 | 225 | 25+ 7100 | 26.9 +;j185.3

—5 | 312 | 25+ 125 | 22.0 + j226.8

~7 | 37.2 | 2547150 | 23.0 + j275.5

efficiency [%]

Zg(3f0) Q Zy(fo) Q2 FOE E
tripler -3 2.8 19 4+ 770 | 20.1 + j173.6 ; : : : 5
_5 5.0 17+ j80 | 16.3 + j213.5 -300 -200 -100 0 100 200 300 400

Im{Zg(3 fo)} [2]

-7 87 | 124590 | 17.2+ j258.2

Fig. 19. Sensitivity of the efficiency of the freqeuncy doubletig(3 f5) for

minimum: 5%, step: 5%, maximum: 37,2% Viias = =3 Vand P,y = 7 dBm.

180 -
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140} 1
§120 . ;
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\a,; Q
o 80} d qc)
60t 5
40p 9 o
156 .
20 \ ] =150
e~ 1
0 " o "
50 100 150 200 250 5 50
Im{Zg(2fo)} Re{Zg(3f0)} [Q] ¢35 Im{Zg(3f}} [
Fig. 18. Sensitivity of the efficiency td, (2 f,) for Vi,;. = —7VandP,, = Fig. 20. Sensitivity of the conversion efficiency of a frequency tripler to
7 dBm. Z4(3fo) for Viias = =5 Vand P, = 7 dBm.

The imaginary part of the embedding impedance for the diodecreasing the optimum value f&{Z,(2f,)} has a stronger
D734 is shown in Fig. 17. It can be inferred from Fig. 17 thaffect than increasing it.
the imaginary part changes little with increasing input power, Exploiting the resonance between a pure reactance and the ef-
up to a value where a substantial breakdown current is genferetive device capacitance at the third harmonic, the efficiency
ated in the diode, which increases the junction capacitancecan be further increased by5% according to Fig. 19W,;.s =
accordance with Fig. 3. Table Il summarizes the results obtained V, Z,(2fy) = (25 + 5125) , andP,, = 7 dBm). This
for the analysis of a frequency doubler and frequency tripler, refficiency improvement is sustained even for slightly lossy re-
spectively, using the diode D734 at a fundamental frequencyaiizations of the circuit.
fo = 50 GHz. It can be inferred from the tables that the op- Fig. 20 shows the conversion efficiency for the frequency
timum impedance for the frequency tripler is slightly lower assipler as a function of the load at the third harmoig(3 f,).
compared to the frequency doubler. The loads at the second and fourth harmonic are chosen short
Once the optimum conditions for a multiplier have been deircuits in this figure and the bias voltage §;,s = -5
termined, the tuning capabilities of the multiplier circuit ar&/. Similarly to the results obtained for the frequency dou-
investigated for the extraction of realizable tuning elementsler, the optimum operation is sensitive to variation of the
Fig. 18 shows the conversion efficiency as a function of the ciembedding impedance for an impedance different from the
cuit impedance at the second harmo#gig(2f;) for an input optimum load impedance,_.,,;(3f,). The selection of the
power level of 7 dBm, which coincides with the maximum ofmpedance of the idler is crucial in frequency triplers. This
the conversion efficiency at a bias voltagelgf,, = —7 V. point is exemplified in Fig. 21. The simulations have been
It can be deduced from Fig. 18 that f&, (2 ;) different from performed withW,i.s = —5 V and Z,(3fo) = Z;—opt(3f0).
the optimum loadZ,, ;¢ (2fo), the efficiency and output power The results obtained from this analy$ig,,; ~ 15%) suggest
drop rapidly to very low values. Furthermore, it can be seen thhtat the load at the second and fourth harmonic can be treated
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efficiency [%]

=500

107 0 0
Im{Zg(2fo)} [2] 200200 Im{Zg(4f0)} [Q]

Fig. 21. Sensitivity of the conversion efficiency of a frequency tripler to the

idler circuit Z,(2f,) and to the load at the higher harmori, (4£,) for
bias = —b Vand P,, = 7 dBm.

performance has been discussed in detail. Simulated results sug-
gest that the output power approaches similar values at high
input power independent of the choice of the bias point. At these
power levels, the embedding circuit is determined by the in-
crease of the real part of the input impedance. It was also found
that an appropriate load at the high harmonics could improve
the efficiency independently from the power level.
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