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Miniaturized Artificial-Transmission-Line Monolithic
Millimeter-Wave Frequency Doubler

Pekka KangaslahtMember, IEEEPetteri Alinikulag Member, IEEEand Veikko PorraSenior Member, IEEE

Abstract—Millimeter-wave signals are typically generated it has to occupy a very small area and operate efficiently.
by frequency multiplication in modern single-chip or multichip  FET frequency multipliers have the advantage of low input
module (MCM) systems. Consequently, the multiplication effi- - ,ver and the possibility to achieve conversion gain, whereas

ciency, spurious rejection, and size of the frequency multiplier th in disadvant d ti tential
ultimately limit the integration level and cost of these systems. This 1€ Main disadvantages are dc power consumption, potentia

paper points to the size reduction of millimeter-wave frequency instability, and narrow operating bandwidth. Previous single

doublers by evaluating artificial transmission lines (ATL's) as a FET frequency multipliers were doublers, triplers, quadruplers,

means to minimize the size of the low-impedance shunt stubs. or even quintuplers. A doubler is preferred for the generation
As a result, we developed a 40-GHz frequency doubler, which ¢ 5 40.GHz signal because spurious harmonics are effectively
used only 0.6-mn¥ area on a monolithic microwave integrated _. . . . .

circuit. Despite the area minimization, the doubler exhibited fllter(_ad In fr_equency doubling, and microwave oscillators ar_e
state-of-the-art conversion loss of 1 dB over 10% bandwidth and readily available at 20 GHz. The 40-GHz frequency band is
rejected the fundamental frequency signal by more than 20 dB used for point-to-point radio links and point-to-multipoint

over 25% bandwidth. Reported herein is the novel simulation of  djstribution systems, such as the microwave video distribution
the frequency doubler with active harmonic loads. Included in system (MVDS).

this paper are theoretical evaluation and simulation of ATL's with Th VSi d desi faf doubler i d
models for lumped components and verification of the results € analysis and design or a irequency doubler IS a de-

by electromagnetic simulation. Due to the high efficiency, low Manding task. Harmonic balance is a steady-state method,
area requirement, and over 20-dB rejection of the fundamental which is well suited for this purpose. However, potential insta-
signal, this miniaturized ATL frequency doubler can be used as pjlity of the doubler makes it difficult to optimize the efficiency
a b‘f"d'rr‘]g blogk in the_lgl_eneratuon of local-oscillator signals in \yith algorithms developed for harmonic balance. To success-
single-chip and MCM millimeter-wave systems. fully optimize, the design problem has to be restricted. Thus,
_Ir_1dex Terms—Atrtificial transmission line, frequency doubler, simulations or measurements have to be performed to gain
millimeter wave, MMIC. understanding of the device behavior in frequency doubling.
In the past, a comprehensive study in [1] on the operation of a
l. INTRODUCTION GaAs FET in frequency-doubler application showed that high
conversion gain, up to oscillation, is obtained depending on

ENEFAT!O':I IOf mHhme_ter;yvave Sllgn"’t‘_ls IS _alzhcen_tralt?e linear feedback on the fundamental frequency. The results
problem In telecommunication applications. he Sighdye ,q study were achieved by varying reactive terminations
source should provide sufficient power to the mixer, minimiz

) : . ! &t the output and input at fundamental and second harmonic
the level of harmonic and nonharmonic spurious signals,

- . ) . quency, respectively. On the other hand, the reactive ter-
operate efﬁqently and reha'bly.. Phase-noise requlremgnts nations may limit the problem too severely. A topology
modern digital telecommunl_catlon §chemes are so St_”Ct t}?l‘?&ependent optimization method utilized an added-power
the(;/fusually are ?tr.ﬂ}{. O?talni\deIth m'crow"ﬁ_'el_OS(_:'”?rt]or%aximizing function in [2]. The added power was a function of
and frequency muttiplication. requency multiplier 1S us\/gS andVys. The powers at the input and output were calculated
needed for the generation of the millimeter-wave signal.

N . . . .ﬁ’om the harmonic components of currents and voltages at the
significant advantage is achieved when the frequency multipli te and drain of the FET. Other studies optimized operating
can be integrated on the same chip as the mixer. The lo

. . _ - ditions using analytical methods [3], [4]. When applying
oscillator (LO) interconnections then operate _at less CrC8Y timization methods, the instability of the doubler limits the
lower frequency and, du<_a to fr_equency separation, the amopydhple terminating impedances. Thus, operating conditions and
of LO leakage to the RF input is reduced. However, to achie

his 1 X he f ltinli d ftocti IXﬂteria have to be defined as in [2] and [5]. Another limitation
this integration, the frequency mu tiplier needs to € ectively yhe performance of the FET model. Frequently, the FET
suppress the unwanted harmonics because on-chip band

. : A . ; - els have incorrect discontinuities, especially at the resistive
filters would increase circuit complexity and size. AddmonallyOperating region of the FET. Thus, such a model may produce
optimistic frequency multiplier optimization results because

. . , these nonphysical discontinuities generate harmonics.
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Fig. 1. Simulation network for the simulation of an FET nonlinear model
as a frequency doubler. The input source side voltdges at harmonics

n are defined independently and the resulting currdipts are calculated
using harmonic-balance simulation. In a similar manner, the output load side
has independently defined voltagé,,. for different harmonics and the Fig. 2. Simulation results from 38Qotation of the second harmonic load
harmonic-balance simulation calculates the harmonic curfenisThern = 0 voltagel; ». The second harmonic log# - is the only impedance showing any
equals to dc. change. The simulation results corresponding to five points othegraph

are shown in Table I.

models and electromagnetic (EM) simulations, and to present a

novel minimum size monolithic circuit for frequency doubling These simulations were performed using a foundry propri-
using ATL. etary large-signal model of the;, = 0.2 um pseudomorphic

high electron-mobility transistor (pHEMT) device. The device
nonlinearities were implemented with nonlinear voltage-con-
[I. EVALUATION OF THE FET FERFORMANCE AS AFREQUENCY trolled current sources. The drain current and voltage wave-
DOUBLER forms of the internal device were plotted when different load im-
edances were applied. All voltag€s were equal to zero, un-

_We started the design of the frequen_cy doubler by _eval ss specified otherwise. To start the design, the bigsing 0)
ating the performance of the FET under different harmonic IOW;S set to the threshold voltagi of the device. With this bi-
terminations. The analysis could have been performed usi :

. L . . . ggng, the input signal generates current pulses at the drain of
passive terminations with harmonic frequency bandpass f||te{|§|,e FET. This pulse formation was shown in [3] to efficiently

however, the use of active loads was more effective and mforn’gae—nerate a second harmonic signal. To obtain maximum conver-

tive. The harmonic-balance simulation had the advantage of s Bn efficiency and low input power, the fundamental frequency

arate definition of voltage sources for each harmonic frequen%Itage amplitude was set 6, , — 1.5 V. The peak voltage

Thus, we were able to modify the termination of the FET at ea%(hing on the gate of the device was then from= —2.4V to
harmonic frequency independently with a very simple simula-— ~ 0.6 V. With these values, the gate ofAthe FET oxhibite

. L . Vg
tion network. A significant advantage was achieved by Malleither significant forward conduction nor reverse breakdown.
The drain of the device was biased4g = 2 V for opera-

taining the voltages,, andvy, of different harmonics at con-
stant amplitudes. The adjustments of the phases of these volttagﬁ:

. . . io1 in saturation region with low dc power consumption. The
sources simulated different loads. In this way, we controlled t%?cl—:- 9 b P

operating region of the FET and reduced the amount of variab rmonic drain voltage amplitude may be set to a reasonable

in the analysis. It was a logical way to approach the frequen\%Iue and the phase of the voltage source rotated to load the tran-

multiplication problem since we were interested in the volta S<tor with a varying impedance. By inspecting th¥ curves

aqd c_urrent waveforms in the intrinsic FET rather than the tevrv-e noted that the amplitude should be limitedfo, = 1V to
minating loads that cause them. :

o X : N maintain the drain voltage swing within the saturation region of
The basic simulation setup is shown in Fig. 1. The volta g g g

i : g Yfie device and to avoid reverse breakdown of the gate.
U,, at each harmonic frequenayis specified separately and the _. . .

. ; . Fig. 2 shows the load impedangg, path, which was created
harmonic currentg,, are calculated by using harmonic balance. :

Each impedanc#,, created at the harmonics is then c:alculate\ﬁhen the load volltagyl? phase rotatgd in harmonic-balance
from simulations. The input impedancé,, did not change due to

change in the second harmonic load. The corresponding input
U, power, output power, conversion gain, inggtvalue, output
Zn = T 1) Q value, and efficiency are shown in Table I. The input power
" was constant, regardless of the second harmonic load. @put
The resistive part of the impedance has to be positive, i.aas very high, which implied low bandwidth and difficulties in
Re(Z,) > 0, to be synthesized with a passive networkmatching. The second harmonic power Was = +6.8 dBm,
Naturally, at the fundamental frequency, the energy flows intehen the second harmonic load was optimum at point 3. The
the input of the circuit from the fundamental frequency signautput matching did not appear to be critical since the achieved
source. Thus, (1) is applied to calculate the input impedancatput power was nearly equal from points 2 to 4. Fig. 3 shows
Zi, of the FET under large-signal conditions. the internal load line of the FET superimposed|ev curves

nificant advantage in using active loads was that the second
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TABLE |
CHARACTERISTICS OF THEFREQUENCY DOUBLER WHEN SECOND HARMONIC LOAD IS VARIED IN HARMONIC-BALANCE SIMULATION . THE POINTS REFER TO THE
POINTS IN THE SMITH CHART IN FIG. 2. THE TABLE SHOWS THEINPUT POWER AT FUNDAMENTAL FREQUENCY ( P,y ), OUTPUT POWER AT SECOND HARMONIC
(P:,2), CONVERSIONGAIN IN FREQUENCY DOUBLING, INPUT ( VALUE AT FUNDAMENTAL FREQUENCY (Q;,), OUTPUT Q VALUE AT SECOND HARMONIC
FREQUENCY (Q;,2) AND EFFICIENCY OF THEDOUBLER CALCULATED AS EFFICIENCY = P, 5/ (Piy + Pi o)

Point on Smith P, P Conversion Gain O Q2 Efficiency
chart [dBm] [dBm] [dB] [%]
1 -1.3 -2.5 -1.2 18.1 0.8 2.4
2 -1.2 5.8 6.9 17.9 0.7 16.1
3 -1.2 6.8 8.1 18.2 1.1 20.4
4 -1.4 6.3 7.7 18.9 2 18.1
5 -1.6 -2.4 -0.8 19.7 19.6 24
60
50 +
40 +
_ 30+
<
)
2
20 +

0 1 2 3 4
Vds [V]

Fig. 3. Simulated internal load line-0O—) at point 3 in Fig. 2. The load line is imposed b#V curves forV,, values from—1V to +0.7 V.
when the second harmonic load was point 3 in Fig. 2. The
loading of the FET internal current source was clearly at its

optimum with this load. The input and output powers were
calculated from the harmonic voltages and currents using the

following formula:
P, — Re{ Undy } . @)

2

The second harmonic load and fundamental input impedance
were independent of each other, when the FET was operating in
the saturation region. This independence of harmonic termina-
tions was also shown in [1] and in [5].

However, in a practical circuit it is impossible to create a
perfect short circuit because the passive parts of the circuit
exhibit losses and limited bandwidth. Simulations with &ig. 4. Simulation results of the full 36Qotation of the fundamental load

different fundamental load voltadé ; values showed that the voltagel’; ;. The load impedancg; ; has capacitive values in points 1 and 2,
’ resistive in point 3, and inductive in points 4 and 5. The corresponding points of

load impedan?@hl chang_ed the input impedan@l due to  the FET input impedanca.., show highly reactive impedance and unstability
the feedback in the transistor. As an example, Fig. 4 shows@oint 5. The simulation results in these points are listed in Table II.

Z;1 impedance path when the phase of the fundamental load

voltagel/; ; = 0.5 V was varied. A capacitivéZ; ; (point 1) (point 5). In point 5, the voltage feedback from thg; added
increased the input resistance, while an induciye caused in-phase to the input signal at the gate of the FET. The required
the input resistance to decrease and to finally become negativeut power was higher with capacitivg, ;, but the@ value
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TABLE I
CHARACTERISTICS OF THEFREQUENCY DOUBLER WHEN FUNDAMENTAL FREQUENCYLOAD IS VARIED IN HARMONIC BALANCE SIMULATION . THE POINTS REFER
TO THE POINTS IN THE SMITH CHART IN FIG. 4. ANNOTATIONS ARE AS IN TABLE |

Point on Smith P P, Conversion Gain Qi Oz Efficiency
chart [dBm] [dBm] [dB] [%]
1 3.2 6.6 3.5 6.5 1.3 18.7
2 3.5 6.4 2.9 6.4 1.4 18
3 2.3 5.7 3.3 9.1 1.8 16.7
4 2.4 5.8 8.2 27.2 1.8 18.2
5 Not Applicable 6.5 Infinite Not Applicable 1.5 20.6

improved the second harmonic current modestly, but a major
improvement was achieved when the second harmonic voltage
at the gate drove the FET close to in-phase (point 4). Point 4
was an inductive load, which resulted in maximum second har-
monic current at the drain of the FET. Thus, the phase of the
second harmonic input voltadgé » was an important factor for
achieving the maximum output power and an improvement in
conversion gain. However, it was difficult to synthesize over a
wide bandwidth due to the high value of the required network.
We decided to synthesize a short-circuit network with small in-
ductance for the second harmonic terminatiyry. The higher
order harmonic voltage; ,, andl; ,, were maintained equal

to zero in these simulations. Thus, they did not distort these sim-
ulations, and their effect on the performance of the doubler was
considered minor.

Fig. 5. Second harmonic source voltage - 360 rotation results show the
corresponding second harmonic source impedahgewith points 1- 4. These
points are also listed in Table III.

IIl. ATL STuBS DESIGN

was lower and, thus, it was possible to have a fair input matchShunt stubs formed the basis of the monolithic-microwave

over a wider bandwidth. A wide range of conversion gaiffitegrated-circuit (MMIC) frequency-doubler design. The stubs

performances could be obtained by changing the fundamerpwed the synthesis of the required terminating impedances at

load, as is shown in the Table II. They were not achieved tarmonic frequencies independently. THe was close to zero

enhancing the output power, but by reducing or increasing tA8d yet the required; » could be synthesized when an open

required input power. The lowest possible input power leads $8unt stub was used, in which electrical length was /2 at

highest conversion gain, unfortunately it also means very difffo- As was discussed in Section II, the |dgy, reduces thé/; ;

cult input matching due to the high value of the FET input. If and, thus, the feedback to the input and, consequently, the effect

the fundamental voltage at the output was further increased, tetheZiy, is minimized. However, the input impedan&e of

device started to operate partly in resistive region. This leadsth§ shunt stub was frequency dependent

modulation ofRZy, and additional harmonics generation, which X

enhanced or decreased the doubler performance, depending on Zs = —jZocot <f_ Z) + Rioss- 3)

the particular loading conditions. However, this was subject to 0

FET model accuracy in the resistive region, as was discussgte lower the characteristic impedanZg of the stub was,

in Section | and, thus, created uncertainty in the analysis e lower the reactive part of the impedance was versus fre-

the doubler. Therefore, the fundamental load was requiredggaency. Consequently, bandwidth of the short improved with a

be capacitive or short circuited to guarantee the stability tsfw impedance stub under loaded conditions. A major problem

the doubler. The maximum conversion gain available withith the A/4 low impedance stub was the large area require-

inductive load resulted in a risk of oscillations. Consequentlgent, especially in microstrip technique. The physical length

an inductive load was avoided in the design of the final doubl@f the quarter wavelength stub was 1206 and width was
Thus far, the input impedance at the second harmonic was0,:m for aZ, = 25 2 microstrip on the 10Q:m-thick GaAs

Z, » = 02 In practice, the nonided, » generates a reflection substrate. For this reason, an ATL stub was the optimum solu-

voltagel; ». Fig. 5 shows the second harmonic impedafige tion in terms of the required area.

path with second harmonic voltagg , = 0.3 V at the input.

This U, » value was a representative value to demonstrate e

effect of Z, ». WhenZ, , was close to the open circuit (point Transmission lines have been traditionally characterized with

1), the second harmonic voltage on the gate of the FET péne equivalent circuit shown in Fig. 6. This low-pass circuit ac-

tially canceled the second harmonic signal on the drain of tharately matches the characteristic impeda#geand propa-

FET, as can be seen from the reduction in the internal drain cgation constant of a transmission line as long as the capaci-

rent, I, int,2 (Table ). A Z,; » = 50 2 termination (point 2) tanceC, and inductancd.,, per section are sufficiently small.

Theoretical Design



514 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 4, APRIL 2000

TABLE Il
CHARACTERISTICS OF THEFREQUENCY DOUBLER, WHEN SECOND HARMONIC SOURCEIMPEDANCE IS VARIED IN HARMONIC-BALANCE SIMULATION . THE POINTS
REFER TO THEPOINTS IN THE SMITH CHART IN FiG. 5. THE TABLE INCLUDES THEPEAK VALUE OF THE INTERNAL DRAIN CURRENT OF THEFET AT SECOND
HARMONIC FREQUENCY (/4 int,2) AND INPUT (2 VALUE AT SECOND HARMONIC FREQUENCY ((2 ;2 ). THE REMAINING ANNOTATIONS ARE AS IN TABLE |

Point on Smith P, P, Conversion Gain 11,,-,,,,2 O (7] Efficiency
chart [dBm] [dBm] [dB] [mA] [%]
1 -14 3.1 4.5 5.6 1.5 2.3 9.3
2 -0.1 2.2 2.3 8.1 0.1 3.9 7.5
3 1.4 5.5 4.1 15.3 1.4 2.7 14.6
4 1 7.7 6.7 17.5 10.2 1.6 22.4
Rg L,
CP GP

Fig. 6. Equivalent circuit of a transmission line. This circuit is used in the doubler as an ATL or line simulating network [6].

The transmission-line simulating properties vanish totally at the ~=° 7
cutoff frequencyf. of the equivalent circuit. The characteristics
of the transmission line are calculated from the formulas 215 n=

A
- n=3

L, + R,
Zo= | 4 )
0 C,+ G, ) \ \m
and 5

N P

N\
7 = (R + J0L,)(Gy + jwCy). (5) e e

error [%]
S
lgy ]
A

A ——— . | —

0 1 2 3 4 5 6 7 8 9 10
Number of Sections

Thus, it was also possible to creaté\ Al transmission-line
simulating network of arbitrary impedance with lumped capac-
itors and inductors. This type of solution is called an ATL or lin€ig. 7. Error in phase of the quarter-wave ATL stub versus number of sections.

- - . . . phase is matched to 9@t the fundamental frequengy. = 1) and the
smulatmg network, as |n'['6]. The main adyantages af:hleved E)S&ation is calculated at higher harmonics.
this approach are a significant reduction in the physical length

of the structure and the possibility to use a low-impedance transe calculated the number of sectionsneeded for a /4 trans-

mission line without increasing the width of the structure. HOV\fh'ssion line with certain inductande, and capacitance, per
ever, the bandwidth of the lossless transmission line was Iimitg b

ction as
by the cutoff frequency
ne = i ©)
I = 1 ©) * darcsin(n f\/L;,C,)’
T LsChp The phase-shift frequency dispersion of the ATL causes an error
Thus, there existed a tradeoff in between the required phdsét the harmonic frequenciesfo
shift and the transmission-line cutoff frequency in terms of the Perr.nfo
number ofLC sections. The minimum necessary number was to En= 00
; n(r/2)
be used; however, the second harmonic frequency of the doubler n(1/2) — nap3
had to be sufficiently below the ATL cutoff frequency for undis- = Wgnﬁ)
torted operation, regardless of process variations. The change mr )
of ATL characteristic impedancé and phase constafitversus —1-n, arcsin(nn f/LsChp) . (10)
frequency was ' nw
7 This phase error was plotted in Fig. 7. The second harmonic
A — (7) phase error did not reduce significantly when more than five
1— (L)Q sections were used.
fe

B. EM and Standard Foundry Model Simulations of ATL's

Today, the commercial MMIC foundries offer well-charac-
terized metal-insulator—-metal (MIM) capacitors and spiral and
line inductors. Thus, these models were directly applied to the

and

[ = 2 arcsin <fi> . (8)
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EM
-12 C,=+10%
-15 ™~ ? /%/ l &2\
-18 o % —
g 2 L <l C,=-10%
W 27
= 2(3) Measured S5, —|
36 | 2
-39 .
42 I
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Frequency [GHz] T

Fig. 8. Simulated shunt open stufy; using: 1) method-of-moments EM
simulation and 2) foundry provided models for inductors and MIM capacitors = el
with a manufacturing toleranc&’(, = +10%). The S;; of the measured

circuit is included for comparison (Measuregh;). The simulation with

foundry provided models is accurate enough to predict the performance of the

doubler since the manufacturing tolerance produces the largest variation. il

Fig. 10. Schematic of the miniaturized ATL frequency doubler. At the drain
of the FET, an ATL open-shunt stub is formed by th@ ladder network. The

gate side has a shorted shunt stub using the ATL technique. Biasing circuits are
omitted for clarity.

Fig. 9. Simulated input impedance of the shunt stulf at 20 GHz. The LI
annotations are as in Fig. 8.

design of ATL's. The main disadvantage was that the coupling
from the lines to the capacitor top electrodes and the ground vig
metallization were not taken into account. Fig. 8 shows the sim-
ulation results of the five-section shunt-open ATL stub, which
has an electrical length of/4 at 20-GHz frequency. Simu- Fig.11. Processed ATL frequency doubler. The doubler circuit uses a (26 mm
lations were performed utilizing analytical models, provide@rea on the chip and each ATL stub requires less than a 0.1anea.

by the foundry, for line inductors and MIM capacitors. The

tolerance of the MIM capacitors was10%; thus, we simu- the Z; ; was close td¢2 regardless of simulation uncertainties
lated the performance of the ATL with these values. The simand processing tolerances.

ulation results are compared in Fig. 8 to results obtained with a

planar EM simulator. The EM simulator used the method of mo- IV. EXPERIMENTAL RESULTS

ments without taking into account the thickness of metal layers. ) _ )
The measureds; of the processed doubler was included in The evaluation of the FET performance in Section Il demon-

Fig. 8 for comparison. The measured and EM simulation redrated that the best performance was achieved when the output

onant frequencies of the stubs are within the resonance frequéht @nd iNputZ; » impedances were close @32, the source
cies of the simulations with analytical models, when the tolelTiPedance wag, ; = 5 € 4 580 {2, and the load impedance
ance of the MIM capacitors i410%. Thus, the simulation of 4.2 = 50 {2+ 550 2. These conditions were achieved by using
the ATL’s with analytical models is accurate enough compardy - Shunt stubs at the input and output of the device, a shorted
to the variation of the MMIC process parameters. The resuftsth€ input and an open at the output, and normal passive com-
of the simulations at 20 GHz are also presented on the Sminents for input and output matching to §0A schematic of
chartin Fig. 9. These simulations 6f, showed the small vari- th€ circuitis presented in Fig. 10.

ation of theZ; ; regardless of the variations in MIM capaci- _

tors. The input matching and power requirement was strondly P€SIgn

dependent oi¥Z; 1, as was demonstrated in Table I. Thus, the The FET in the used commercial MMIC process was a
low-impedance ATL improved the bandwidth and probabilit$ x 15 xm depletion pHEMT. The gate of the device was a
of success in matching the input of the frequency doubler sin€estructure and source was grounded with via holes on both
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—x— Meas. Isol.
——Meas. CG
——Sim. CG

Gain [dB]

20 +

X:

25 B—

-30 : ; ‘ ‘ t : \\

35 36 37 38 39 40 41 42 43 44 45

Frequency {GHz}

Fig. 12. Measured conversion gain (Meas. CG) of the ATL frequency doubler versus output frequency. The simulated conversion gain is showngon compari

(Sim. CG). More than 20-dB isolation of the fundamental frequency signal (Meas. Isol.) is measured over the measurement bandwidth. The ingtf pewer is
+5 dBm.

-0~ Meas. CG
10 —X-— Meas. Isol.
—x— Meas. Pout
s —a—Sim. CG —
—o— Sim. Isol.

Gain [dB], Pout {dBm]

-40 f f f

-20 -15 -10 -5 0 5 10
Pin [dBm]

Fig. 13. Input power dependence of the ATL frequency doublgs at 20 GHz input frequency. The measured (Meas. CG) and simulated (Sim. CG) conversion
gain and the measured (Meas. Isol.) and simulated (Sim. Isol.) isolation are plotted. The measured output power (Meas. Pout) $&Btas to

sides. The ATL stubs were also grounded to these same wvidishese small spiral inductors was at a sufficiently higher fre-
and, thus, a very compact structure resulted. guency. The impedance of the input matching network at the

The input matching to 502 included spiral inductors in se-2f, was insignificant because the input-shunt ATL stub was
ries and parallel. At 20-GHz frequency, the resonant frequenay effective short at this frequency. At the output, the open
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ATL shunt stub shorted th&,. The output matching was with of the fundamental frequency component was more than 20 dB
microstrips. over more than 25% bandwidth, which was a significant prop-
The photograph of the final circuit is presented in Fig. 1%rty, when this frequency doubler will be used as a LO signal
The area requirement of the circuit was only 0.6 fron a stan- generator for a mixer in a single-chip multifunction circuit.
dard chip in multiuser processing. Of this area, the FET afdirthermore, a frequency-doubler simulation methodology was
ATL stubs employed only 0.3 mfneven though low impedancepresented, which is applicable for the design of any nonlinear
(Zo = 25 Q) stubs were used. These were excellent results simm@mponent, such as mixers and power amplifiers, among
an electrically equivalent circuit with microstrip stubs woulathers. In all of these design tasks, we can control the operating
have required at least 1.5 mnaircuit area. Consequently, theregion of the FET to avoid simulations in an unreliable area of
size of the circuit was reduced to 40% of the conventional orithe FET model.
Even when high-impedance microstrip lines were used in [7],
the circuit size was typically 1.5 mwhereas with coplanar REFERENCES
teChmque_S in [7] narrow lower |mpedan(:50 = 20 Q) lines ... [1] C. Rauscher, “High-frequency doubler operation of GaAs field-effect
were designed for the frequency doubler. However, even with™ "~ transistors,"[EEE Trans. Microwave Theory Techiol. MTT-31, pp.
coplanar technigues in [7], the length of the lines was not re-  462-473, June 1983.

; ; ; ; [2] C. Guo, E. Ngoya, R. Quere, M. Camiade, and J. Obregon, “Optimal
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