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ABSTRACT The design of a wideband FET frequency
doubler operating with a 4-8 GHz input bandwidth is de-
scribed. The doubler and bandreject amplifier combination
achieve an average conversion loss of 3.5 dB across the 8-16
GHz output band. The design method uses the harmonic
balance algorithm implemented on an IBM PC-AT personal
computer.

Introduction

FET frequency doublers are important components in mi-
crowave receivers. Wideband doublers minimize local oscil-
lator requirements in phase-locked loops and tracking sys-
tems because they provide a simple means of generating
higher frequency components.

Several design techniques for frequency doublers have
previously been reported!™*. The design presented here
uses single-gate MESFETs and standard MIC techniques,
and uses the nonlinearity of the FET transconductance to
achieve doubling. The circuit inherently rejects the fun-
damental frequency and odd-order harmonics over band-
widths greater than an octave. The bandwidth of the dou-
bler is limited only by the bandwidth of the Lange couplers
used at the FET input and output.

One difficulty in designing a doubler covering octave
or greater bandwidths is that the highest frequency in the
input band to be doubled will overlap with the desired (sec-
ond harmonic) output of a lower frequency input. Conse-
quently, the traditional approach of tuning the FET input

to the fundamental frequency and detuning the FET out-
put to the second harmonic frequency will result in com-
promised performance at the band edges.

The second design difficulty lies in optimizing the FET
operating point to achieve maximum conversion efficiency,
i.e. to optimize circuit interaction with the device nonlin-
earity. Tradeoffs between FET gain and harmonic conver-
sion efficiency are difficult to characterize.

This paper describes how the harmonic balance tech-
nique can be used to synthesize the desired circuit and to
set the device bias and RF operating point, and illustrates
a novel circuit approach used to obtain inherently broad-
band operation. As an example, an 8 -16 GHz wideband
frequency doubler with conversion gains of -1 to -5 dB over
the octave bandwidth is presented.
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The Standard Harmonic Balance Technigque

The standard harmonic balance technique has been reported
in many previous papers®®7. It is an iterative technique
which seeks to match the frequency components (harmon-
ics) of current flowing in a set of branches joining two sub-
circuits. The branches are chosen in such a way that non-
linear elements are partitioned into one subcircuit; and lin-
ear elements into the other. The branches at the linear -
nonlinear interface connect the two circuits and define cor-
responding nodes; current flowing out of one circuit must
equal that flowing into the other. Matching the frequency
components in each branch is simply a statement of Kir-
choff’s first law, which is a continuity equation for current.
The current at each branch is obtained by a process of iter-
ation so that dependencies are satisfied for both the linear
and nonlinear sides of the circuit.

The nonlinear circuit is generally represented by a non-
linear set of equations

i7(1) = 901 (t), - on () &)

where g is an arbitrary nonlinear function ( and can in-
clude differentiation and integration), and ¢; and vy the
current and voltage respectively at the Jth of N branches.
The dependent variables 7; are nonlinear functions of the
independent variables vy at some point in time T,. Peri-
odic, steady state operation is assumed so that integrals
and derivatives at Ts may be determined.

The linear circuit may be represented by an N by
(N + M) matrix, obtained by standard linear circuit anal-
ysis programs such as Touchstone®. The M additional
variables are the additional external nodes (or branches)
at which applied voltages (or currents) are present. The
linear circuit is analysed in the frequency domain so that
the matrix must be calculated at each frequency compo-
nent present in the circuit. In the case of an applied input
signal which contains harmonically related components at
w, 2w, ...qw, there will be (g + 1) matrices relating the in-
dependent variables at each branch to the dependent vari-
ables:
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where the H,;(kw) are impedance or transfer ratios depend-
ing on which of the variables are voltages and currents. The
purpose of the harmonic balance program is to find a si-
multaneous solution to (1) and (2) for vy, vs,...vn, so that
11,22,...t 5y may be determined.

Equation (1) is stated in the time-domain ; equation
(2) in the frequency-domain. Time to frequency conversion
is achieved using the discrete Fourier transform (DFT). If
estimates of vy(t) for J = 1,...N at some time T, are sub-
stituted into (1), ¢y can be found at time T,. If this is
done at time instants T, 2T, ...LT, an L-point sequence of
time samples of 1 results. If the waveform contains only
discrete frequencies which are spaced by integral multiples
of w, up to qw, one can set

. 27
T (2¢+ Vw
with L = (2¢ + 1) to satisfy the Nyquist criterion, and can
extract the desired frequency components at w from the
L-point sequence by using the discrete Fourier transform.

An initial estimate must be made for 77 and v; be-
cause they are not known a priori. Iteration between equa-
tions (1) and (2) is performed using the DFT to obtain
the frequency components from the time samples obtained
from equation (1) until a self-consistent set of variables (i.e.
those which satisfy the current continuity equations) is at-
tained.

The harmonic balance algorithm was implemented in
FORTRAN on an IBM AT Personal Computer. The re-
quired memory for the algorithm was 120K, with an addi-
tional 70K needed when compiled with the physical FET
model reported by Madjar and Rosenbaum®. Run time was
approximately two minutes for each solution. This is the
first report of a harmonic balance technique implemented
on a desk-top personal computer. The strength of this im-
plementation is that it allows complete nonlinear, steady-
state analysis of circuit-device interactions at a computer
work-station.

FET Frequency Doubler Design

Two considerations are important in the design of an FET
doubler. The first is that conversion loss be as low as pos-
sible, and the second is that the fundamental signal be re-
jected. Using conventional approaches, this is particularly
hard to achieve at 8 GHz for a 4-8 GHz doubler, as this
frequency is both the doubled 4 GHz signal and a possible
fundamental input.

il(kw)

Hy(n a1y (kw) :
Hy(n 1) (kw) i (kw)
: vt (kw) for k=0,1,..¢q (2)
Hy(n+a)(kw)
N+ (kw)
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The input and output circuits of the basic FET doubler
stage were synthesized for maximum flat gain across the
whole band, using standard small-signal techniques. The
circuits can then be verified at small signal levels with the
nonlinear algorithm and model. Unlike conventional single-
frequency doublers however, the wideband input and out-
put matching circuits must be low Q to maximize band-
width. The FETs used were NE71000 Ku band FETs.

The circuit topology chosen is shown in Figure 1. Us-
ing the harmonic balance program, the (small-signal de-
rived) matched FET stage was analyzed for doubling ef-
ficiency at various device bias and RF drive points. The
model used has been previously reported®1°, and contains
a three-terminal nonlinear capacitance in addition to non-
linearities in ¢g,, and gp. Optimum conversion efficiency
was obtained by setting the device bias near pinch-off, using
an RF- bypassed 50 ohm resistance in the source. Biased in
this tashion, the FET behaves as a matched rectifier. Mod-
elled simulations of fundamental input and output power,
and second harmonic generation at 8 GHz input are shown
in Figure 2. When biased at Vgg = —0.5V (Figure 2a),
the FET gain is higher, but the second harmonic output
is no better {at high input powers) than when biased at
Ves = —1.0V (Figure 2b). Consequently, biasing the FET
near pinchoff at -1 volt achieves better fundamental rejec-
tion without degradation of conversion efficiency. Both the
fundamental and second harmonic frequencies undergo con-
siderable gain expansion as the input power is increased.
The classic 2:1 ratio in the rate of rise of the second har-
monic to the fundamental does not occur at -1 V gate bias
because the input signal does not lie completely within the

-

Vp=4V
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Figure 1. Circuit topology of the nonlinear FET
element used with the broadband doubler.



square-law region of the FET. Harmonic generation and
fundamental rejection is optimized with an input power of
about 5 dBm. At input powers higher than this the gain of
the fundamental frequency increases faster than the second
harmonic, so that fundamental frequency rejection worsens.

COMPUTER SIMULATIONS
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Figure 2. Modelled simulations of the nonlinear
FET element of Figure 1. Computed fundamental and
second harmonic output power are shown as a function
of fundamental input power at

(a.) VGS = —0.5V
(b) Vas = —1.0V

Circuit Topology

Although optimized for second harmonic generation, Fig-
ure 2b shows that the level of the fundamental frequency
at the single-stage FET output is still approximately 10
dB greater than the desired second-harmonic. The single
stage doubler just described has no rejection, because the
use of high Q circuits to achieve fundamental frequency
rejection would result in narrow bandwidth and poor con-
version performance at the lower edge of the output band
(which corresponds to the upper edge of the input band in
an octave bandwidth design).
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In this application, the FET is used only as a nonlinear
element to generate the second harmonic. Any stable device
with sufficient microwave gain could be used in place of the
FET. For example, Schottky diodes could be substituted for
the FETs in order to generate a second harmonic signal.

Fundamental frequency rejection can be achieved by
two means:

(i) by coupling two FET half-wave rectifiers antisym-
metrically, so that conduction occurs on alternate half cy-
cles, as illustrated in Figure 3. Two Lange couplers, ori-
ented to provide a total path difference of 180°, are ideal
for this purpose, as they allow isolation between the two
half-circuits, and provide good input and output VSWR

over the necessary bandwidth, in addition to the required
phase difference. The antisymmetric configuration effec-
tively nulls out the fundamental and odd-order harmonics,
because the 180° phase shift difference results in pure can-
cellation (subtraction) of the odd-order frequencies .

(i) by adding a following band-reject amplifier. Ad-
ditional cancellation of the fundamental is achieved in this
balanced amplifier stage, as its Lange couplers are designed
for the midrange of the output band and reject the input
band. In addition, the amplifier provides gain at the sec-
ond harmonic and rejection at the fundamental. Standard
small-signal techniques were used to synthesize this stage.

210

3dB

Figure 3. Construction of the broadband doubler.
The initial block comprises a pair of nonlinear FET el-
ements coupled by two antisymmetric Lange-couplers
to provide a 180° path difference. The final block is
a balanced band-pass amplifier that uses symmetrically

coupled Lange couplers to provide zero net phase differ-
ence.

Doubler Results

The circuit in Figure 3 was fabricated on a .015” alumina
substrate, and used Lange couplers centered at 12 GHz.
The complete doubler is shown in Figure 4. Circuit size
was 0.5” x 0.25”, and power consumption was 60 mA at 4
V input.

Measured doubler results are illustrated in Figure 5.
Input drive level of +5 dBm was found to give the highest
conversion efficiency, close to that determined in the simu-
lations. The second harmonic output power was tuned to
rise slightly over the band to compensate for following sys-
tem losses. At 16 GHz, peak output power of +4 dBm was
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Figure 4. Photograph of the broadband doubler. ?f
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achieved, for a total conversion loss of 1 dB. Rejection at INPUT FREQUENCY (GHz)
the fundamental frequency was then 20 dB. Maximum con-
version loss of 5 dB was obtained at 8 GHz output, where SECOND HARMONIC QUTPUT
fundamental frequency rejection was 15 dB. Fundamental &4
rejection around 7 GHz was very high due to a resonance in
the bias lines. The bias lines were left unmodified as they ’E\o W
actually improved performance. This resonance is narrow- e ‘
band, and is indicative of the improvement in rejection that Z. M
could be obtained by using higher Q circuits (but with con- % s N
sequent bandwidth reduction). % /f
Conclusion i % ]
A technique that enables the investigation of device-circuit E
nonlinearities has been presented. Using modifications to S % 1
an existing FET model, a harmonic balance method was o
devised which was efficiently implemented on an IBM PC- °
AT. As an example, the design of a novel FET frequency ¥ ; , .
doubler covering octave bandwidths was presented. The 8

4 5 6 7
harmonic balance method was used to set the device bias INPUT FREQUENCY (GHz)
and operating points. The circuit structure is applicable
with any microwave nonlinear device as the active element.
Using single gate FETs, conversion efficiencies of from -1
to -5 dB were obtained across the output frequency band

Figure 5. Experimental doubler results, showing
the fundamental and second harmonic output power as
a function of frequency, for input power levels of -5, 0,

of 8 to 16 GHz. and +5 dBm.
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