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RADIO-FREQUENCY MULTIPLIERS

Frequency multipliers are harmonic generators that produce
various frequency multiples of an input (fundamental) fre-
quency. These devices are employed in such diverse applica-
tions as electronic instruments, designing radar, communica-
tions, and electronic warfare systems. High-frequency signals
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are generated from lower-frequency signals by harmonic mul-

Figure 2. Configuration without frequency multiplier.tiplication, as demonstrated in the simple representation de-
picted below in Fig. 1. In the development of such a device,
the circuit designer seeks to maximize the power delivered to

to achieve RF power at a higher harmonic frequency. Har-the output load at the Nth harmonic.
monic generators provide a convenient source of signals atThe capability of optimization of multiplier performance,
higher frequencies, where direct generation from an oscillatorin and of itself, can improve the overall performance of a sys-
is difficult or inconvenient. The frequency multiplier producestem. Such potential for enhanced performance leads to the
an output signal at a harmonic frequency multiple of the fun-optimization process becoming a crucial consideration in the
damental input frequency and eliminates the requirement fordevelopment of the system. Multiplier performance is depen-
a high-frequency oscillator. The ability to design frequencydent upon the nonlinear device producing the required fre-
multipliers generating the higher harmonic frequencies hasquency harmonics and the design technique employed. The
made frequency multipliers important circuits in RF and mi-most important design considerations in frequency multipli-
crowave components, and thus they find a wide range of useers are conversion gain, harmonic suppression, output power,
in the electronics arena. Applications include instrument de-efficiency, dc bias requirements, and bandwidth. Frequency
sign, radar systems, communications systems, subscriber ra-multipliers exhibiting high conversion gain, good harmonic
dio systems, and low-phase-noise EW applications.suppression, wide bandwidth when required, and high effi-

ciency are achieved from optimum designs. As will be dis-
Communication Systemscussed in this article, many authors give various, contradic-

tory means of optimizing the performance of frequency As an illustration demonstrating the convenience of a fre-
multipliers. quency multiplier, consider a communication system requir-

One of the dominant operating parameters of a frequency ing a 15 GHz local oscillator (LO) source as shown in Fig. 2.
multiplier is its conversion gain or conversion loss. The con- The configuration shows a 15 GHz source driving the LO
version gain is the ratio of the output power at the desired chain of the mixer. Alternatively, the 15 GHz source can be
harmonic frequency to the input power at the fundamental replaced by a 5 GHz local oscillator and frequency tripler to
frequency. It has been demonstrated that various parameters obtain the required 15 GHz signal. Advantages in using the
affecting the conversion gain include the bias level, the input 5 GHz source over the 15 GHz source lie in the cost associated
power, the harmonic terminations, and the nonlinear device with the two sources, because high-frequency components
producing the frequency harmonics (1–7). Techniques that usually are more expensive than lower-frequency ones. Addi-
maximize the conversion gain are necessary for the develop- tionally, the 5 GHz source could possibly pose less of a design
ment of frequency multipliers. challenge than the 15 GHz source. With this change in the

With the advent of new active devices, such as the high configuration, the final circuit is represented by Fig. 3.
electron mobility transistor (HEMT), the pseudomorphic high Frequency multiplier applications have been extended to
electron mobility transistor (PHEMT), and the heterojunction monolithic microwave integrated circuit (MMIC) receivers in
bipolar transistor (HBT), new multiplier designs incorporat- communication systems (8–11). One such application is
ing these devices are desired. This has led to the emergence shown in Fig. 4 (9). In this configuration, two doublers are
of new research areas where relatively little information has used in series to supply the LO chain of the mixer. Using
been reported in the literature. This presentation will address these doublers in the topology allows a 6.5 GHz voltage con-
some of these areas. Some areas considered are the develop- trolled oscillation (VCO) to be implemented. The 6.5 GHz sig-
ment of accurate nonlinear circuit models, identifying perti- nal is led into the two frequency doubler circuits, which pro-
nent properties of the transistor, optimizing multiplier de- duce an output signal at 26 GHz. Without the use of the two
signs, and improving some of the existing design techniques.

APPLICATIONS OF FREQUENCY MULTIPLIERS

The extension of system operating frequencies into higher fre-
quency bands has led to considerable interest in generating
RF power at lower frequencies and using a nonlinear device

×N
fout = Nfinfin
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Figure 3. Configuration with frequency multiplier.Figure 1. Simple harmonic multiplier.
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PASSIVE FREQUENCY MULTIPLIERS

As previously mentioned, frequency multipliers are harmonic
generators that produce frequency multiples of an input (fun-
damental) frequency. At radio and microwave frequencies,
frequency multipliers typically employ a nonlinear device to
generate the desired harmonic spectrum. The choice of this
nonlinear device divides multipliers into two categories: pas-
sive multipliers and active multipliers. In the case of the ac-
tive multipliers, the nonlinear device includes any of the de-
vices in the transistor classes (BJT, FET, MESFET, etc.), as
will be discussed in the following section. This section will
discuss the development of passive multipliers. The discus-
sion will include the basic theory and operation of passive
multipliers, various devices that are typically used in the
development of passive multipliers with their various advan-
tages and disadvantages, the nonlinear mechanism responsi-
ble for harmonic production, power considerations, optimiza-
tion of efficiency, realizations, and design topologies.

Background and Theory
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As mentioned, frequency multipliers at radio frequencies typi-Figure 4. Block diagram of 26 GHz MMIC receiver model.
cally require a nonlinear element to produce the desired har-
monic spectrum. For passive multipliers, this requirement is
fulfilled by the exploitation of the nonlinear characteristics of
nonlinear resistors, nonlinear inductors, or nonlinear capaci-doubler circuits in the block diagram, a 26 GHz VCO would
tors. The excitation of these devices by an input fundamentalhave been required.
frequency produces an output spectrum possessing the de-
sired harmonic output of interest. Typical nonlinear devices

Cellular Applications
providing the aforementioned properties in the development

Wireless applications operating in the 900 MHz to 2500 MHz of passive frequency multipliers include rectifying metal–
range frequently use frequency multipliers in their design to- semiconductor junctions with their nonlinear current–voltage
pologies. The systems include synthesizers, transmitters, re- characteristics, reverse-biased metal–semiconductor or pn
ceivers, and transceivers (12). A transmitter topology demon- junctions with their nonlinear capacitance, and nonlinear
strating the use of frequency multipliers is shown in Fig. 5. transmission lines having distributed nonlinear capacitance
The modulated signal at 450 MHz is multiplied by the dou- (13).
bler to produce a signal at 900 MHz for transmission. As mentioned, harmonic generation is produced in a pas-

The receiver topology using a frequency doubler is shown sive frequency multiplier whenever a sinusoidal input signal
in Fig. 6. The doubler is placed in the LO chain of the down- drives a nonlinear impedance. A variable resistance, induc-
converter. The downconverter produces an intermediate fre- tance, or capacitance whose magnitude varies instantane-
quency, (IF) which is signal-processed to obtain the desired ously with the applied voltage or current characterizes this
information from the signal. nonlinear impedance. Semiconductor diodes have been re-

As a final example, a block diagram of a transceiver em- ported throughout the literature as an efficient means of pro-
ploying the use of a frequency doubler is shown in Fig. 7 (12). viding the necessary nonlinear characteristics for passive
This topology uses a single LO source. The doubler is used in multiplier design (9,11,13–41). The diodes have various char-
the LO chain of the receiver and to produce the transmitting acteristics, which produce, as expected, different perfor-

mance.frequency in the transmitter.

Figure 5. Transmitter with direct VCO
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Figure 6. Receiver employing frequency
multiplier.
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Varactor diodes are commonly used by microwave design- available literature, step recovery diodes are not as popular
as varactor diodes in the design of passive frequency multipli-ers in the development of passive multipliers with great suc-

cess (14–17). The varactor diode is a variable-reactance ele- ers because of the complexity in reproducible control of the
forward injection of minority carriers. Therefore, the ensuingment where the diode junction capacitance changes

nonlinearly as a function of the applied voltage, as will be discussions will not focus on step recovery diodes.
discussed in the following section. Varactors are classified

Diode Model. As will be mentioned in the following section,into two major categories: (1) p–n junction varactors, which
one of the most important tools of microwave circuit designersare widely used at microwave frequencies, and (2) Schottky
is the availability of device circuit models, which allows thejunction devices, typically used for millimeter-wavelength ap-
performance of the device to be predicted before and after em-plications. It has been shown by Manley and Rowe (42) as
bedding with external networks. Since a diode model is essen-will be discussed later, and it has been mentioned by other
tial in the understanding and development of passive fre-authors (19,43,44) that a nonlinear capacitance (reactance)
quency multipliers utilizing these devices as the source ofharmonic generator, such as that developed with a junction
nonlinearity, the following discussion will be devoted to thevaractor, can theoretically generate harmonics with efficien-
circuit model of the diode.cies (� � Pout/Pin) approaching 100%. On the other hand, pas-

An equivalent circuit model for the varactor model issive frequency multipliers utilizing passive nonlinear resis-
shown in Fig. 8. This simple circuit model contains a fre-tors for harmonic generation have at most an efficiency of
quency-dependent series resistance Rs and a voltage-depen-1/N2, where N is the order of the harmonic, as shown by Page
dent nonlinear conductance g(v) in parallel with the voltage-(45) and referenced by other authors (15,16,19). Therefore, in
dependent junction nonlinear capacitance Cj(v), where v is thethe case of a frequency doubler, theoretically, the highest ef-
voltage over the junction (17,36). The nonlinear conductance,ficiency achievable is 25% (N � 2).
which can produce resistive multiplication, is defined as (36)The step recovery diode is also used in passive frequency

multiplier design for lower frequencies (�30 GHz) (17). The
step recovery diode is another variable-reactance element, g(v) = ∂ig

∂v
(1)

which is a variation of the varactor diode. Archer (26) states
that the step recovery diode is a pn-junction diode explicitly
designed to enhance the charge storage capacitance associ- ig = Isat

[
exp

� qv
ηkT

�
− 1

]
(2)

ated with minority carrier injection during forward conduc-
tion and that the charge storage capacitance supplies the non- where Isat is the diode saturation current, q is the magnitude

of the electron charge, � is the ideality factor of the diode, klinearity necessary for harmonic generation. Based on the
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Figure 7. Transceiver employing frequency multiplier.
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mission lines having distributed nonlinear capacitance (13).
As a simple example demonstrating harmonic generation,
consider a nonlinear device whose nonlinear transfer function
can be represented as a polynomial of the form

Vout = a1Vin + a2V
3
in (4)

Rs

Cj(v)g(v)

where a1 and a2 are constants. Inserting a sinusoidal input
Figure 8. Varactor diode circuit model. (Vin � cos �t) into Eq. (4) gives

is the Boltzmann constant, and T is the diode temperature.
The nonlinear capacitance Cj(v), which is responsible for sup-
plying the nonlinear reactance, is defined as (36)

Vout = a1 cos ωt + a2(cos ωt)3

= a1 cos ωt + a2( 1
4 cos 3ωt + 3

4 cos ωt)

=
�

a1 + 3a2

4

�
cos ωt + a2

4
cos 3ωt

(5)

Equation (5) shows that an output harmonic is generated atCj(v) = Cj0

(1 − v/φbi)
γ

(3)

the fundamental frequency (�) and the third-harmonic fre-
quency (3�). Therefore, for the specific application of a fre-where Cj0 is the zero-bias junction capacitance, �bi is the built-
quency tripler, this nonlinear device, as represented by thein voltage potential, and � is related to the doping profile in
transfer function given in Eq. (4), theoretically provides thethe epitaxial layer. Raisanen (36) indicates that typical values
nonlinear characteristics for the design of a frequency tripler.of these parameters for a varactor diode with radius of 1 �m

Throughout the literature, researchers and designers haveto 5 �m are as follows: the zero-bias junction capacitance Cj0
developed passive multipliers, typically with nonlinear di-ranges from 3 fF to 20 fF, the series resistance Rs ranges from
odes. For this reason, the ensuing discussion focuses on the5 � to 20 �, the built-in potential �bi ranges from 0.6 V to 1.0
nonlinear mechanism associated with semiconductor diodes,V, and � ranges from 0.4 to 0.5. The series resistance Rs arises
which are used throughout the microwave industry.from the undepleted materials in the diode and the contact

As mentioned, semiconductor diodes have been reportedresistance (14).
throughout the literature as an efficient means of harmonicAs shown in this model, suitable nonlinear elements exist
production. To demonstrate the nonlinear mechanism of thefor harmonic generation, namely, the nonlinear resistor
diode, consider an abrupt p–n-junction diode, shown in Fig.1/g(v) and the nonlinear capacitance Cj(v). As was previously
9, excited by an applied voltage Va (46). Muller and Kaminsmentioned and will be discussed in a following subsection,
(46) show thatharmonic generation due to the nonlinear reactance produced

by Cj(v) is, theoretically, more effective because it is possible
to convert all of the available power applied to a lossless non-
linear reactive element to output power at any higher har-

Xd = Xp + Xn =
[

2ε

q
(φ − Va)

�
1

Na
+ 1

Nd

�]1/2

(6)

monic frequency. An ideal resistive multiplier utilizing the
nonlinear resistor 1/g(v) theoretically has a maximum effi-
ciency of only 1/N2, where N is the harmonic frequency.

Xp =
�

2ε(φ − Va)

qNa(1 + Na/Nd)

�1/2

(7)

Nonlinear Mechanism. As previously mentioned, high-fre- Xn =
�

2ε(φ − Va)

qNd(1 + Nd/Na)

�1/2

(8)
quency signals can be generated from lower-frequency signals
by harmonic multiplication. Frequency multipliers provide an

whereefficient means of exploiting the nonlinear characteristics of
various devices to provide the desired harmonic multiplica-

Xp � reactance of the depletion region extending into thetion. The circuit designer of frequency multipliers seeks to
p-type semiconductoraccentuate the device nonlinearity in a particular way such

that exciting the nonlinear device by a sinusoidal input signal
at a fundamental frequency produces an output spectrum at
harmonic frequencies of the input fundamental, which obvi-
ously includes the desired harmonic of interest. This section
will identify and discuss the general nonlinear mechanisms
responsible for harmonic production in passive frequency
multipliers.

It was noted in the previous section that nonlinear resis-
tors, nonlinear capacitors, and nonlinear inductors could be
exploited for their nonlinear characteristics. Typical nonlin-
ear devices providing these nonlinear characteristics essential
for harmonic production include rectifying metal–semicon-
ductor junctions with the nonlinear current–voltage charac-

p - region n - region

Xp

Va

Xp

Xd

+ –

teristics, reverse-biased metal–semiconductor or p–n junc-
tions with their nonlinear capacitance, and nonlinear trans- Figure 9. p–n-junction diode structure.
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Xn � reactance of the depletion region extending into the where
n-type semiconductor

Xd � reactance of the total depletion region
� � built-in potential

Va � applied voltage
Na, Nd � semiconductor dopant concentrations

� � permittivity

α′
0 = α0

α′
1 = 1

2 α1

α′
2 = 1

3 α2

...
By charge neutrality,

Demonstrating the effect of applying a sinusoidal signal
across the p–n junction, the current across the diode can beNaXp = NdXn (9)

calculated fromQ = qNdXn = qNaXp (10)

dQ = qNd dXn = qNa dXp (11)
I(t) = dQ

dt
(25)

Inserting Eq. (23) into Eq. (25) with the p–n junction excited
by the sinusoidal signal Va � cos �t gives

Cj(Va) = dQ
dVa

= dQ
dXp

dXp

dVa
(12)

= qNa

�
ε

2qNa(1 + Na/Nd)(φ − Va)

�1/2

(13)

=
�

qεNaNd

2(Na + Nd)

�1/2 1√
φ − Va

(14)

= Cj0√
1 − Va/φ

(15)

where

Q = α0Va + 1
2 α1V

2
a + 1

3 α2V
3
a + · · ·

= Cj0(cos ωt) + Cj0

4φ
cos2 ωt + Cj0

8φ2 cos3 ωt + · · · (26)

= Cj0

8φ
+
�

Cj0 + 3Cj0

32φ2

�
cos ωt + Cj0

8φ
cos 2ωt

+ Cj0

32φ2
cos 3ωt + · · · (27)

and inserting Eq. (27) and differentiating gives
Cj0 =

�
qεNaNd

2(Na + Nd)

�1/2

(16)

Equation (15) shows that the magnitude of the junction
capacitance varies nonlinearly as a function of applied volt-
age Va, which is essential for generating frequency harmonics
when a sinusoidal voltage is added to Va. Using a binomial
series expansion on Eq. (15) yields

I(t) = dQ
dt

= − ω

�
Cj0 + 3Cj0

32φ2

�
sinωt

− 2ωCj0

8φ
sin 2ωt − 3ωCj0

32φ2
sin 3ωt + · · ·

(28)

This result illustrates the various frequency harmonics pro-
duced by the p–n junction when excited by a sinusoidal source
and demonstrates the nonlinear mechanism by which the
semiconductor diode produces harmonic generation. This
variable capacitance has led semiconductor diodes, varactors,

Cj(Va) = Cj0(1 − Va/φ)−1/2

= Cj0

[
1 + 1

2

�Va

φ

�
+ 3

8

�Va

φ

�2

− 5
16

�Va

φ

�3

+ · · ·
]

(17)

= α0 + α1Va + α2V
2
a + α3V

3
a + · · · (18)

=
∑
i=0

αiV
i
a (19)

and the like to be vital components aiding microwave engi-
where neers in nonlinear circuit development.

Voltage–Capacitance and Charge–Capacitance Characteris-
tics. As previously stated, harmonic generators utilizing the
nonlinear capacitance characteristics of varactors are often
employed throughout the microwave industry by researchers
and designers. The voltage– and charge–capacitance charac-
teristics of the varactor diode are important in analyzing and
studying the behavior of diodes. This section will discuss the

α0 = Cj0

α1 = Cj0

2φ

α3 = − 5Cj0

16φ3

...
relationships between the voltage and the capacitance and be-

From Eqs. (12) and (18), tween the charge and the capacitance, since they are often
utilized in studying the performance and the design of passivedQ(Va) = Cj(Va) dVa (20)
frequency multipliers.

We refer to the diode example in the preceding sub-subsec-
tion along with Eqs. (12) and (15), which are restated below
(18):

Cj (v) = dQ
dv

= Cj0

(1 − v/φ)m (29)

Q(Va) = ∫
Cj(Va) dVa (21)

= ∫
(α0 + α1Va + α2V

2
a + · · · ) dVa (22)

= α0Va + 1
2 α1V

2
a + 1

3 α2V
3
a + 1

4 α3V
4
a + · · · (23)

=
∑
i=0

α′
iV

i+1
a (24)
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where (v � �VR). At the breakdown voltage, Eq. (35) gives

v � voltage across the junction in the absence of any ap- Q(−VR) = QR = −CminV m
0

1 − m
(φ + VR)1−m (36)

plied bias
� � built-in potential

and recalling that V0 � VR � � givesCj0 � zero-bias junction capacitance
m � index number (�� for abrupt junctions, and �� for linearly

graded junctions) Q(−VR) = QR = −CminV0

1 − m
(37)

Scanlan (18) indicates that the minimum capacitance (Cmin) Now, dividing Eq. (35) by Eq. (37) gives
occurs at the reverse breakdown voltage (v � �VR) and the
junction capacitance at this bias is

Cmin = Cj(−VR) = Cj0

(1 + VR/φ)m (30)

Letting V0 � VR � � and rewriting Eq. (30) gives

Q(v)

QR
=

− Cmin

1 − m
V m

0 (φ − VR)1−m

−CminV0

1 − m

=
�

φ − v
V0

�1−m

(38)

This expression relates the charge across the junction in
terms of breakdown characteristics (VR, QR) and the minimum
capacitance (Cmin).

Historically, in the literature, the capacitance is used in

Cj0 = Cmin

�
1 + VR

φ

�m

= Cmin

�
1 + V0 − φ

φ

�m (31)

defining the elastance (18,19):
and inserting Eq. (31) in Eq. (29) gives

S(v) = 1
C(v)

and Smax = 1
Cmin

(39)

This allows Eq. (32) to be rewritten in terms of the elastance
as shown below, where the elastance is written as a function
of voltage:

Cj (v) =
Cmin

�
1 + V0 − φ

φ

�m

�
1 − v

φ

�m

= Cmin

� V0

φ − v

�m

(32)

C(v)

Cmin
=
� V0

φ − v

�m

= Smax

S(v)
(40)

From Eq. (29),
or

dQ = Cj(v) dv (33)

and inserting Eq. (32),

S(v)

Smax
=
�

φ − v
V0

�m

(41)

Referring back to Eq. (38), the charge Q(v) is expressed as a
function of v. Alternatively, Eq. (38) can be rearranged to give
the voltage as a function of the charge:

Q(v) = ∫
Cj(v) dv

= −CminV m
0

1 − m
(φ − v)1−m + k

(34)

where k is the constant of integration. When v � �, the volt-
age across the junction is zero and the charge is zero, which
indicates that k � 0 as well. This allows Eq. (34) to be rewrit-
ten as follows, where the charge is represented as a function

v(Q) = φ − V0

�
Q

QR

�1/(1−m)

= V0 − φ − V0

�
Q

QR

�1/(1−m)
(42)

of the voltage:
and therefore,

Q(v) = −CminV m
0

1 − m
(φ − v)1−m (35)

The depletion-region reactances Xp, Xn and the electric field
across p–n junctions increase as the reverse bias increases
(46). Intuitively, there are physical limitations to these in-

v + VR = V0

[
1 −

�
Q

QR

�1/(1−m)
]

= V0

[
1 −

�
Q

QR

�γ ] (43)

creases, as governed by the structure of the junction and the
wheredopant concentrations. As the reverse bias increases, eventu-

ally a voltage is encountered where the barrier to current flow
is broken, and current flow increases substantially. The volt-
age at which this occurs is defined as the breakdown voltage

γ = 1
1 − m
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Equations (29)–(43) are mathematical expressions for the or
characteristics between the voltage, charge, capacitance, and
elastance of p–n-junction semiconductor diodes. Researchers
and designers often use these expressions, amongst others, in P10 = −

∞∑
m=2

Pm0 (47)

analyzing diodes and incorporating diodes into multiplier de-
signs.

or in general, the sum of all powers flowing at the various
harmonic frequencies must be zero. Equation (47) indicatesPower Considerations. A discussion on power flow into and
that the input power P10 at the fundamental is the sum of theout of the nonlinear device is very useful in understanding
output powers at all harmonics combined. Therefore if exter-the behavior of passive nonlinear devices and their usefulness
nal embedding circuitry to which the nonlinear capacitor isin designing passive frequency multipliers, as it can be used
connected is developed such that the power at all undesirableto predict optimum power and conversion efficiency. This sub-
harmonics is reactively terminated, then the power deliveredsubsection will discuss the power flow at the various harmon-
to the load at the desired harmonic can, theoretically, repre-ics and their relation to the performance of frequency multi-
sent conversion efficiencies of 100% (17). Practical diodes,plier designs, which leads to a fundamental understanding of
however, exhibit nonzero series resistance (Rs � 0), so thatthe limitations imposed by diodes.
practical conversion efficiencies are less than 100%.Manley and Rowe (42) have provided a general relation,

which is commonly used throughout the microwave industry,
Optimization of Efficiency. Achieving optimum efficiency isfor discussing the power flow of a particular class of nonlinear

an essential goal in the design of any component. In the caseelements. They derive general power relations that govern
of passive multipliers, proper techniques should be employedsingle-valued nonlinear elements such as nonlinear inductors
in efforts to maximize the conversion efficiency of the multi-and capacitors. Their final derivations, independent of input
plier and maximize the power delivered to the load at thepower, give two independent equations characterizing the
desired harmonic.power content at various harmonics.

The Manley–Rowe equations given above indicate that,Manley and Rowe perform their derivation on an ideal
theoretically, an ideal nonlinear capacitor can achieve 100%nonlinear capacitor, but state that a similar analysis can be
conversion efficiency. In practical applications, nonlinear ca-performed on a nonlinear inductor. Their analysis begins by
pacitors (varactors) are not ideal components but have someevaluating the voltage across the nonlinear capacitor, which
loss. Therefore, as a general example, the varactor utilized inis defined as some arbitrary function of the charge. Then, they
passive multiplier design should exhibit low series resistancewrite an equation for the charge across the capacitor repre-
(Rs) at the frequency and power level of operation (18,36). Im-sented in a Fourier series. From the charge, they are able to
pedance matching at the input of the nonlinear device is alsocalculate the current in Fourier series form. Next, the voltage
required, to ensure that the input power is efficiently coupledacross the nonlinear capacitor is given in a Fourier series,
to the diode. Similarly, output impedance matching at the de-from which the Fourier coefficients for the voltage are calcu-
sired harmonic of interest should be implemented so thatlated using orthogonality. After further substitutions and in-
power generated in the nonlinear device at the output har-tegrations, they conclude with the following equations:
monic is efficiently transferred to the load. Significant real
power should exist in the diode at the fundamental and the
output harmonic of interest and low-loss resonators should be

∑
n

∑
m

mPmn

mf 1 + nf 2
= 0 (44)

utilized as idler circuits (13,42–44,47), which will be dis-
cussed in a following subsection.

Archer and Batchelor (12) note that an equivalent-circuit

∑
n

∑
m

nPmn

mf 1 + nf 2
= 0 (45)

model of a varactor diode embedded in external circuitry can
where m and n are integers representing various harmonics be utilized to predict and optimize the performance of a pas-
and Pmn is the average power flowing into the nonlinear re- sive multiplier. They give an equivalent circuit for a varactor
actances at the frequencies mf 1 and nf 2. These equations are multiplier, showing the connection between the varactor and
significant in that they indicate that for an ideal, lossless ca- the embedding network, as in Fig. 10. There, the embedding
pacitance (with Rs � 0 in Fig. 8), the sum of all inward power network models the impedance presented to the diode at the
flows at the different frequencies must be zero. This indicates, fundamental frequency and other harmonics. The two net-
theoretically, that on exciting the nonlinear capacitor at a works (embedding and equivalent diode circuit model) are op-
fundamental frequency, the output power at the desired har- timized to obtain maximum power transfer between the em-
monic has the same magnitude as the input power of the fun- bedding network and the reactance of the diode at the input
damental. This is achieved provided that all power at the un- fundamental frequency and the output harmonics. This opti-
desirable harmonics has been reactively terminated, which mization can be performed manually using the mathematical
ensures that no power is dissipated at these undesirable har- equations governing the response of the networks or through
monics. an optimization routine provided by a commercial circuit sim-

As an example demonstrating this procedure, consider ex- ulator.
citing a nonlinear capacitor at the fundamental frequency The conversion efficiency is dependent upon the large-sig-
f 1(m � 1, n � 0). Then Eq. (44) gives nal diode currents and voltages, which are determined by the

impedances presented to the diode at the fundamental and
higher harmonic frequencies (17,18). Simulations can be per-
formed to optimize the conversion efficiency, utilizing the im-

P10

f1
+ mPm0

mf 1
= 0 (46)
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Idlers. An important concept in the fundamental develop-
ment of passive frequency multipliers, as briefly mentioned in
prior sections, is that of idler currents and idler circuits. Idler
currents are currents flowing at frequencies other than the
input fundamental frequency and output harmonic frequency,
which are required for a particular class of passive multipli-
ers (47). This section will discuss the property of idlers and
demonstrate the requirement of them for particular multi-
plier designs.

In the section ‘‘Voltage–Capacitance and Charge–
Capacitance Characteristics,’’ a discussion was presented of
the voltage and charge relations of nonlinear varactors. Refer-
ring to Eq. (42) it is observed that a square-law characteristic
is exhibited by an abrupt junction diode (m � ��): the voltage
is proportional to the square of the charge (43). Consider the
condition in which the charge across the junction of an abrupt
junction diode is sinusoidal at the fundamental frequency
(� � 2�f ):

Eg(f0)

ZL(f0)

Ze(f)

2f0

Diode circuit model

Embedding network

ZL(nf0) nf0

Zs

Q(t) = Q0 + Q1 cos ωt (50)
Figure 10. Equivalent network model of passive frequency multi-

where Q0 is the dc biasing component. Inserting Eq. (50) intoplier.
Eq. (42) and using the trigonometric identities gives

pedances presented to the diode in conjunction with the diode v(Q) = φ − V0

�
Q

QR

�2

(51)
circuit model.

The steady-state large-signal voltage and current coeffi-
cients are Vk and Ik in (17).

vj(t) =
∑

k

Vke jk 2π ft (48)

v(t) = φ − V0

�
Q0 + Q1 cos ωt

QR

�2

(52)

= φ − V0

Q2
R

�
Q2

0 + Q2
1

2

�
− 2V0Q0Q1

Q2
R

cos ωt − V0Q2
1

2Q2
R

cos 2ωt

(53)

From Eq. (53) it is observed that the voltage produced by the
ic(t) =

∑
k

Ike jk 2π ft (49)

charge across the abrupt junction diode has a dc component,
a component at the fundamental frequency, and a componentwhere f is the fundamental frequency. The predicted perfor-
at the second harmonic frequency, but no component at anymance and thus the optimization of efficiency are determined
harmonic higher than the second, such as required for fre-after solving Eqs. (48) and (49) subject to the boundary condi-
quency triplers, quadruplers, and so on. The component at thetions imposed by the diode and the embedding network [the
second harmonic frequency indicates that this diode is suit-embedding impedance Ze( f)]. Such solutions have been calcu-
able for a frequency doubler, however. This example indicateslated and presented by various authors (9,11,14–18,20–41),
that except for the case of the doubler, if currents flow only atusing idealized models, to obtain the nonlinear large-signal
the input and output frequencies, it is impossible to generatebehavior of specific multipliers (doublers, triplers, etc.). They
harmonics higher than the second with an abrupt junctionpresent data on the efficiency, power handling, input and load
varactor. This is an expected result due to the square lawresistances, and Pmax/Pin, for example, versus frequency for
behavior of the varactor. Thus, in order to achieve output har-various multipliers. Using such plots and data, theoretical op-
monics for n � 2, it is necessary for intermediate currentstimization can be achieved for specific multiplier types.
(idler currents) to flow in the varactor at specific harmonicIn summary, it is important to optimize the performance
frequencies.of frequency multipliers. Chang et al. (29) state general guide-

The abrupt junction varactor can be thought of as provid-lines for achieving this:
ing a mechanism for frequency doubling (due to the square-
law relationship previously mentioned) and for frequency1. Good impedance matching should be provided at the in-
mixing when idler currents are utilized (19). In the case ofput and output of the nonlinear device over the fre-
mixing, currents flowing at specific harmonic frequencies arequency range of interest, and all idler circuits termi-
mixed with the fundamental frequency and with each othernated reactively with low loss.
(if more than one is introduced) to produce additional cur-

2. At frequencies other than the fundamental, desired har- rents at various harmonics. Therefore, introducing an idler
monic of interest, and idler harmonics, the nonlinear current into an abrupt junction varactor at the second har-
device should be mismatched to the embedding circuitry monic causes the second harmonic to mix with the fundamen-
to minimize power loss. tal frequency to produce an output at the third harmonic.

This additional idler produces the component necessary for3. The input and output networks should be isolated phys-
ically and electrically. frequency tripler design.
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Introducing additional currents into an abrupt junction va- where Cmin and Cmax are the minimum and the maximum ca-
pacitance of the varactor, and Rs is the diode series resistance.ractor provides a means for the device to generate higher har-
Therefore, for optimum performance, the cutoff frequencymonics. This extends the use of abrupt junction varactors
should be greater than the frequency of application.from frequency doublers to higher-order multipliers.

A sharp nonlinearity in the C–V response of the varactor
results in efficient harmonic generation, since the nonlinear-Analysis Techniques
ity of the device is responsible for harmonic generation. The

Passive frequency multipliers are nonlinear circuits requiring advantages of a sharp or steep nonlinearity depend on the
solutions from large-signal circuit analysis. As stated in pre- extent of the voltage swing across the diode generated by the
ceding subsections, the efficiency of passive multipliers utiliz- input power. Varactors have high input impedance, thus en-
ing diodes is affected by the diode parameters: the embedding abling large voltage swings to be generated across the device.
impedance Ze(nf 0) at the fundamental and harmonic frequen- A diode with high nonlinearity, even at low input power lev-

els, produces significant voltage swings, and therefore is capa-cies, the input power level Pin, and the bias voltage. Various
ble of achieving optimum performance. Typically, the opti-techniques are utilized by researchers and designers for ana-
mum conditions occur in applications where the nonlinearitylyzing and optimizing nonlinear circuits and, specifically, pas-
extends over voltages comparable to the voltage swing of thesive multipliers. In some simple cases, analytic closed-form
input power signal.solutions may be obtained for optimizing the efficiency; how-

Tolmunen (41) states that the power-handling capability isever, for most cases the most convenient method is through
proportional to the average capacitance of the device area. Asnumerical analysis. Some of these techniques include power
in the case of other high-power devices, diodes with large sur-series analysis, Volterra series analysis, and harmonic bal-
face areas are able to handle larger input power levels andance techniques where time-domain current and voltage solu-
consequently produce larger RF current. In practical diodetions are sought that satisfy the diode boundary conditions
applications, however, this may result in matching problems,and frequency-domain solutions are sought that satisfy the
because matching the diode over a broad voltage range isexternal circuit equations. Using these analysis techniques
quite challenging and thus tradeoffs have to be made. As willalong with an accurate equivalent circuit model of the passive
be shown in the discussion of design techniques in the lastnonlinear device, the predicted performance of the device em-
section, another approach commonly used to improve thebedded in external circuitry can be obtained.
power-handling capability is to stack devices in series or par-Since the analysis techniques for passive and active fre-
allel. This configuration increases the total area of the diode,quency multipliers are similar, the author refers further dis-
thus allowing it to sustain larger voltage swings. Large devicecussion on this topic to a later section, where a detailed dis-
arrays are useful in high-power applications.cussion is presented on the analysis techniques mentioned

above. The final section of this article deals with active fre-
Classical Realizationsquency multipliers, but the analysis techniques are applicable

for passive nonlinear devices as well. The previous sections highlighted some of the basic properties
of passive multipliers and the fundamental characteristics of
nonlinear components, which are utilized extensively in pas-Pertinent Properties of Passive Devices
sive-multiplier development. As mentioned, the nonlinear

The RF performance of passive multipliers is governed by, component is embedded in external circuitry to accentuate
among other things, the pertinent properties of the nonlinear the desired harmonic. As seen throughout the literature, vari-
device. These properties can be divided into two categories ous topologies exist for realizing passive multipliers, reveal-
(41): (1) those affecting the efficiency of the multiplier, and (2) ing the interaction between the embedding circuitry and the
those affecting its power-handling capability. Tolmunen (41) nonlinear device. This section will highlight some of the clas-
notes that the efficiency of the nonlinear diode is mostly af- sical realizations utilized extensively by microwave designers
fected by the cutoff frequency, which will be defined below, and researchers.
the strength of the nonlinearity, and the type of multiplica- Scanlan (18) and Leeson and Weinreb (20) have presented
tion (resistive or reactive, as discussed in the section ‘‘Back- some simple, classical realizations for passive multipliers, as
ground and Theory’’ above. The power-handling capability is shown in Figs. 11 and 12. Scanlan identifies the passive mul-
affected by the device area, the extent of the nonlinearity, and tiplier topology shown in Fig. 11 as a series model where the
the breakdown voltage, which was discussed in the section varactor diode is series-mounted with the embedding net-
‘‘Voltage-Capacitance and Charge-Capacitance Character- work. The input and output networks F1 and FN, respectively,
istics.’’ represent ideal filters at the fundamental frequency and the

Focusing on varactor frequency multipliers, for efficient Nth harmonic, which permit voltages to exist at the funda-
varactor operation it is necessary, as expected, for the re- mental frequency and the Nth harmonic, respectively. In
actance of the junction capacitance of the varactor to be much
larger than the device series resistance (Rs in Fig. 8) (17).
Therefore, this necessitates an upper frequency limit (cutoff
frequency) on the usefulness of a given varactor (18). The dy-
namic cutoff frequency is defined as (41). Ig Yg F1 FN YL

Figure 11. Series-mounted passive diode frequency multiplier.
fcd = 1/Cmin − 1/Cmax

2πRs
(54)
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Figure 12. Shunt-mounted passive diode frequency multiplier.
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Figure 14. Block diagram of shunt-mounted diode frequency multi-
plier.other words, F1 acts to short-circuit all frequencies other than

the fundamental frequency, and FN acts to short-circuit all
frequencies other than the harmonic frequency of interest. Al-

gard to Fig. 13, thatthough more sophisticated filters may be required, parallel
LC networks can be synthesized for F11 and FN at their re- Re Zd out( f ) ≈ 0 (56)
spective frequencies, as shown by

Re Zd in(nf ) ≈ 0 (57)

when the input and output networks contribute to the device
ω0 = 1√

LC
(55)

reactance compensation. If the conditions represented by Eqs.
(56) and (57) are met, power is not dissipated at the funda-Figure 12, on the other hand, is the shunt diode topology

for passive frequency-multiplier design using a nonlinear di- mental frequency in the output network and power is not dis-
sipated at any of the harmonic frequencies in the input net-ode. Again, the input and output networks, F1 and FN, respec-

tively, represent ideal filters at the fundamental frequency work, respectively.
Similarly, for Fig. 14 the following conditions are sought:and the Nth harmonic, which permit currents to flow at the

fundamental frequency and the Nth harmonic, respectively.
This indicates that F1 acts to open-circuit all frequencies ReYd out( f ) ≈ 0 (58)
other than the fundamental frequency and FN acts to open- ReYd in(nf ) ≈ 0 (59)
circuit all frequencies other than the harmonic frequency of
interest. Similarly, F1 and FN can be synthesized as series

Apart from the realizations previously mentioned, several
LC networks resonant at the fundamental frequency and the

variations of these topologies have been utilized as well. At
output harmonic frequency of interest.

RF and microwave frequencies several diodes connected in se-
Faber (13) has discussed the realizations presented by

ries or parallel have been utilized to handle cases where there
Scanlan, with emphasis on achieving optimum efficiency of

was insufficient power, voltage, or current-handling capabil-
the multiplier. Block diagrams of the realizations (series-

ity of a single device or where the single-device impedance
mounted and shunt-mounted) shown by Faber are given in

levels were inconvenient. Connecting m diodes in series
Figs. 13 and 14. Recall from the section ‘‘Power Considera-

(stacking) produces a breakdown voltage m times as high, and
tions’’ that the Manley–Rowe power equations imply that it

m diodes in parallel provide m times higher current (13).
is theoretically possible to deliver all input power at the fun-

Therefore, topologies such as those shown in Figs. 15 and 16
damental frequency to the output load at the desired har-

are commonly encountered.
monic of interest, thereby achieving 100% efficiency. Achiev-

The circuit complexity of passive multipliers can be in-
ing optimum efficiency requires that power should not be

creased even further. Some more complicated topologies are
dissipated at any of the undesired harmonics in either the

shown in Figs. 17–20 (13,17,18,30). The antiparallel topology
input network or the output network. This indicates, with re-

of Fig. 17 produces currents containing components at the
fundamental frequency and higher odd-order harmonics. This
can substantially simplify the design of input and output fil-
ters in the development of odd-order multipliers.

Eg

Zg

ZL

Zi Zo
Input filtering
and matching

network

Output filtering
and matching

network

Zd in Zd out ZoutZin

Zg

ZLEg

Figure 13. Block diagram of series-mounted diode frequency multi-
plier. Figure 15. Series-connected diode multiplier topology.
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Figure 16. Parallel-connected diode multiplier topology. Figure 18. Antiseries diode pair.

Figure 18 shows the antiseries topology utilizing a trans- As shown in Fig. 21, in the synthesis of N1 and N2, several
former between the input signal and the diode circuit. The authors have utilized short-circuited and open-circuited stubs
transformer provides a 180� phase shift between the input for low-frequency and high-frequency applications. Gavan
signal voltages feeding the two diodes. Therefore, the current and Peled (16), for example, use microstrip stubs in the devel-
components cancel in the load, producing no voltage across opment of a 1250 MHz to 2500 MHz step recovery diode fre-
the load at the fundamental frequency. In contrast to the quency doubler. They synthesize N1 with a �0/8 stub (at 2f 0)
antiparallel topology, the antiseries topology provides even- on the input network to provide a short circuit for the second-
order harmonics and therefore leads to less stringent require- harmonic signal, and synthesize N2 with a �0/4 microstrip
ments on the input and output filters. stub (at f 0), which provides a short circuit to ground for the

Figure 19 utilizes a transformer in the antiparallel series fundamental frequency. Using this design technique, they
topology as well. Faber notes that the odd-order components achieve conversion gain efficiency of 75%, but do not present
are in phase, so that when the odd-order components flow any data on harmonic suppression. Chen et al. (24,25) per-
through the transformer primary winding, they do not excite form a 47 GHz to 94 GHz Schottky-barrier varactor diode fre-
the load mesh. The even-order components, on the other quency-doubler design utilizing MMIC technology. They use
hand, are of opposite phase, so they cancel in the input signal a �0/2 short-circuited stub (at 2f 0) on the input network to
source branch but excite current in the load mesh. This action create an RF short at 94 GHz, and a �0/4 short-circuited stub
causes the antiparallel series topology to produce even-order (at f 0) on the output to create an RF short at the fundamental
harmonic multiplication. frequency. This high-frequency MMIC design provided a max-

Finally, Fig. 20 shows a bridge frequency multiplier. Simi- imum conversion efficiency of 25% (6 dB conversion loss).
larly to full-wave rectifiers, bridge rectifiers can be used to Several authors have developed passive frequency multi-
produce even-order harmonic multiplication. pliers utilizing impedance-matching networks and filters in

the input and output networks (15,26–29). The impedance-
Passive-Multiplier Design Techniques matching networks are employed to match the input and out-

put impedances of the nonlinear device, while the filters areExisting Design Techniques. Numerous techniques exist for
used to attenuate specific harmonics. Gavan and Peled (15)the design of passive multipliers utilizing various topologies,
designed a 1250 MHz to 2500 MHz varactor frequency dou-many of which are presented in the previous section. This
bler utilizing the shunt varactor topology shown in Fig. 14section presents, in perusal of the available literature, vari-
along with a low-pass filter in the input network and a two-ous existing design techniques, and in some cases details
section coupled band-pass filter at 2500 MHz in the outputtheir performance.
network. This design technique yields a maximum conversionA fundamental topological representation for realization of
gain efficiency of 71%. Chang et al. (29) developed a varactorpassive RF/microwave multiplier circuits is shown in Fig. 21,
46 GHz to 92 GHz frequency doubler utilizing a topology simi-where networks N1 and N2 are on the input and output of the
lar to that shown in Fig. 14. Input and output networks arenonlinear device, respectively. As mentioned in a previous
synthesized with filters and additional matching networks tosection, multiplier performance is governed by the embedding
achieve optimum power transfer at the source and load. Thiscircuitry (networks N1 and N2) and the pertinent properties of
design achieves a conversion loss of 8 dB to 9 dB over a 500the nonlinear device. Authors have used various networks in
MHz bandwidth.the synthesis of N1 and N2. Traditional syntheses have in-

Furthermore, some authors have chosen to utilize a bal-cluded short-circuited and open-circuited stubs at the funda-
anced topology for the design of frequency multipliers (30–mental frequency and various harmonics (16,24,25), imped-
33). A block diagram of a balanced design topology is shownance matching and filter networks (15,26–29), and

waveguides and filters (11,14,31–33,36–40). in Fig. 22. In typical balanced circuits, a 180� phase difference

Ig Yg YL

Zg ZLEg

+
–

+
–

Figure 17. Antiparallel diode pairs.
Figure 19. Antiparallel series-connected diodes.
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Figure 22. Block diagram of typical passive balanced frequency mul-
tiplier.
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Figure 20. Bridge frequency multiplier.
waveguide circuitry in high-frequency multiplier designs
(11,14,31–33,36–40). Raisanen (36) notes that for frequencies
from 100 GHz to about 500 GHz, for example, the highest

in the input signals feeding the nonlinear device produces efficiencies and highest output powers have been achieved
fundamental signals and other odd-harmonic signals with op- with waveguide multipliers.
posite phase. By destructive interference, the fundamental Archer (38) has developed a varactor frequency doubler at
and other odd harmonics cancel, giving good harmonic sup- 260 GHz utilizing waveguides and filters. The input network
pression, while the second-harmonic signals, on the other consists of a low-pass filter and a waveguide. The low-pass
hand, interfere constructively, thereby enhancing the output filter is a seven-section design, which passes the fundamental
signal at the second harmonic. This design technique will be signal while attenuating higher-order harmonics. The output
revisited in the discussion of active frequency multipliers. network consists of a �0/4 impedance transformer and a wave-

Bitzer (30) utilized a balanced topology similar to that guide. Using this design technique, Archer achieves a conver-
shown in Fig. 19 and presented again in Fig. 23 to design a sion gain efficiency of 20% for narrowband applications (5%
broadband Schottky-barrier diode frequency doubler. In this bandwidth) and conversion efficiencies of 10% for wider-band
structure, the input signal is fed antiphase to the diodes in applications (8% bandwidth).
order to switch on one diode patch every half cycle. The recti- Mott (11) has developed a varactor frequency doubler de-
fied output signal is coupled to the load via a balun. As men- sign at a lower frequency (19 GHz to 38 GHz), utilizing wave-
tioned previously, the fundamental signals and other odd-har- guides as well. Mott synthesized the input network with a
monic signals from the diodes have opposite phase and waveguide, a �0/4 impedance transformer, and a low-pass fil-

ter and notes that the characteristic impedance of the filter istherefore, by destructive interference, cancel, giving good har-
synthesized so that it equals the real part of the diode inputmonic suppression. The second-harmonic signals interfere
impedance. The output network consists of an output wave-constructively, thereby enhancing the output signal at the
guide impedance transformer synthesized to present the opti-second harmonic. Bitzer’s data show that from 6 GHz to 18
mum load impedance to the output of the diode. Mott achievesGHz, the conversion loss is 9.5 � 1 dB and harmonic suppres-
a conversion efficiency of 60% (conversion loss of 2.2 dB) oversion �15 dBc.
a 1 dB output bandwidth of 640 MHz.Archer (33) developed a balanced varactor diode 85 GHz to

At higher frequencies, frequency multipliers are capable of116 GHz frequency doubler similar to the typical topology
achieving high conversion efficiency at low input powers, butshown in Fig. 22. Archer uses a waveguide T junction as a
the output power tends to saturate at rather low power levelspower divider on the input to feed two varactor diodes. On
(31). The use of series arrays of diodes provides an attractivethe output, a matched waveguide hybrid T junction combines
approach to overcoming this defect. Cascading multiple-diodethe power at the output port. Using this design topology, a
junctions increases the beakdown voltage and providesmaximum conversion efficiency of 16.5% was achieved. Unfor-
greater power-handling capability (9). A series array of ntunately, Archer does not present any data on harmonic sup-

pression.
Waveguide circuitry provides an efficient means of realiz-

ing frequency multipliers (14). Waveguides provide low loss,
possess desirable high-pass filter characteristics, and provide
a good thermal path for dissipated power. Energy is typically
coupled/decoupled from the input and output of the wave-
guide through a low-pass filter. Various authors have utilized
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Figure 23. Antiparallel balanced diode configuration.Figure 21. Passive frequency-multiplier realization.
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identical diodes can handle n2 times as much power as a sin- pler and quintupler design. SBV triplers have been developed
up to 280 GHz, producing output powers of 2.5 mW (36).gle diode (31). For these reasons, various authors have uti-

lized series- and parallel-stacked diodes in passive design, as The BIN diode has been proposed as an improved diode for
harmonic generation (41). Unlike QWDs or SBVs, which con-shown in Figs. 15 and 16, to improve the power-handling ca-

pability of passive frequency multipliers (9,14,30,31,34,35). sist of a heterostructure and two ohmic contacts as terminals,
the BIN diode is essentially a Schottky varactor with anChu (34) developed an 18 GHz to 36 GHz stacked-diode fre-

quency doubler utilizing two series diodes. The input and out- unique doping profile that yields a sharper C–V characteristic
than the Schottky varactor. The BIN diode consists of aput matching circuits consist of �0/4 impedance transformer

sections with open-circuited stubs resonant at the input and Schottky contact, a barrier layer, and an intrinsic layer. Tul-
munen (41) notes that connecting two BIN diodes back tooutput frequencies. This design produced a maximum output

power of 150 mW with a conversion efficiency of 24%, and a back produces a symmetric C–V characteristic.
The HEMV is a modification of the planar Schottky varac-peak conversion efficiency of 35% at 95 mW of output power.

tor where a heterostructure is used. The electrons in this de-
vice have higher mobility, as in HEMTs (which are modeledState of the Art. In the development of passive frequency

multipliers, as well as other technologies, researchers and de- and used in active multiplier designs in the final section),
thus making it attractive for high-frequency applications. Insigners are constantly pushing the leading edge in attempts

to achieve better performance. In passive frequency multipli- a varactor, this structure produces a strongly nonlinear ca-
pacitance, but with an undesirable high parasitic capacitanceers, designers desire, among other things, greater power-han-

dling capability and greater conversion gain efficiency. This associated with its structure.
Tolmunen (41) has designed several multipliers utilizingsection will highlight state-of-the-art developments in passive

frequency designs. the above-mentioned novel devices at 200 GHz. The conclu-
sions from his study reveal that the sharp C–V characteristicThe available literature indicates that the leading edge of

technology in passive designs is not focused so much on devel- of the BIN diodes improves the performance at low input pow-
ers (�10 mW) and makes them the most effective of all theoping new design topologies as on new methods of fabricating

new semiconductor diodes, particularly for millimeter and devices. The SBV yields excellent theoretical performance,
but is less efficient due to its high resistive losses. It does,submillimeter-wavelength applications (25,36,39,41). It has

been demonstrated that the performance of passive frequency however, provide the best performance at high input power
levels.multipliers is highly dependent on the pertinent properties of

the nonlinear device. Therefore, it is reasonable to expect that As researchers and designers continue to push the enve-
lope of technology for higher-performance devices, these novelefforts at improving the performance of passive frequency

multipliers would begin with the nonlinear device. devices will be utilized extensively, particularly at submilli-
meter and millimeter frequencies.Over the years, the GaAs Schottky varactor diode has

served as one of the most important nonlinear elements for
frequency multipliers (36,41). Consequently, over the past few

ACTIVE FREQUENCY MULTIPLIERSyears growing interest in novel diodes has brought to light
new structures showing excellent theoretical performance

Another class of frequency multipliers encompasses thosecomparable to or better than the conventional Schottky varac-
that are designed and constructed utilizing active nonlineartor. In comparison with the Schottky varactor, these new di-
devices. As previously discussed, multipliers require a nonlin-odes have potential advantages, such as stronger nonlinearity
ear element for harmonic production. Active frequency multi-or a special symmetry, which make them very attractive for
pliers, as shown in the block diagram in Fig. 24, utilize themillimeter and submillimeter-wave frequency multiplication.
nonlinear characteristics of an active element to produce anStronger nonlinearities allow more efficient higher-order har-
output spectrum rich in harmonics when excited by a sinusoi-monic generation with smaller input signal levels (36). These
dal source. Typically, the active element consists of any of thenovel diodes include single-barrier varactors (SBVs), quan-
transistor classes, which include the BJT, HBT, field-effecttum barrier varactors (QBVs), barrier–intrinsic–n� (BIN) di-
transistor (FET), MESFET, HEMT, and PHEMT.odes, and high-electron-mobility varactors (HEMVs).

Active multipliers offer various advantages over their pas-The quantum well diode (QWD) has been studied since
sive counterparts. An example, which will be discussed in the1970 (41). The QWD is a heterojunction diode in which a thin
following section, is in the conversion gain. Active multipliersundoped layer between two thin barriers forms the quantum
are capable of producing conversion gains greater than 0 dB,well. Its high speed and negative differential resistance make
whereas passive multipliers are not. This section will also dis-it attractive for millimeter-wave oscillators. Due to its sym-

metric structure, the highly nonlinear antisymmetric I–V
curves and symmetric C–V characteristics result in odd-har-
monic generation. Therefore, as expected, QWDs have been
utilized in tripler designs, with some designs going up to 200
GHz. Raisanen (36) notes that the resulting output powers
from these tripler designs are promising, but are lower than
those achieved from the best Schottky multipliers. Replacing
the quantum well with a single thicker barrier produces a
QBV or a SBV, where the nonlinear current is suppressed but
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network
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the nonlinear C–V characteristic remains. Due to the sym-
metric C–V characteristic, this diode is also attractive for tri- Figure 24. Block diagram of active frequency multiplier.
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cuss the development of active-frequency-multiplier technol- Similarly, as in the consideration of RF amplifiers, the ef-
fectiveness of the conversion of dc power into ac power is alsoogy, including the fundamental performance descriptions,

pertinent properties of the active device (which include mod- a meaningful parameter in discussing frequency multipliers.
In the case of frequency doublers, the consideration is focusedeling and quantification of the nonlinear properties), and de-

sign techniques of active frequency multipliers. on the effectiveness of converting dc power into ac power at
the second harmonic. A general expression for the dc-to-RFNumerous authors have presented discussions of active

frequency multipliers, which are referenced throughout this efficiency can be represented as (88)
section. In the development of active frequency multipliers,
one of the primary concerns is the ability to accurately predict
the linear and nonlinear performance of the active device be-

dc-to-RF =
�

Pout(harmonic)
Pdc

�
× 100% (63)

fore embedding it into other networks, which is typical in the
From this equation, it is observed that optimum dc-to-RF ef-development and design of frequency multipliers. Several au-
ficiency performance is achieved when maximum RF power isthors (48–86) have presented details and techniques for mod-
produced from minimum dc power. For the class of frequencyeling the active devices. Each author delineates the various
multipliers presented in the next subsection, dc-to-RF effi-advantages and disadvantage of their study. Techniques for
ciencies of up to 24% have been obtained.modeling HBMTs are presented as an example in this discus-

The transfer of power from the fundamental frequency atsion, since they are employed in the illustrative multiplier de-
the generator to the desired harmonic at the load is depen-signs in later sections.
dent, amongst other things, upon the return loss or voltage

Fundamental Performance Descriptions standing-wave ration (VSWR) of the input port and the out-
put port of the multiplier circuitry. The return loss is a mea-As discussed previously, frequency multipliers are nonlinear
sure of the impedance match of the input and output ports ofcircuits that convert signals at an input fundamental fre-
the frequency multiplier to the source impedance and the loadquency ( f0) into signals at a harmonic frequency multiple of
impedance. Computer simulations for HEMT frequency dou-the input frequency (nf 0). Several performance descriptions
blers are performed in the section ‘‘Optimum Bias Selectionand parameters represent the effectiveness of frequency mul-
Referencing Harmonic Terminations’’ (Tables 3 and 4) deline-tipliers for frequency conversion. The objective of this section
ating the advantages of good impedance matching. In theseis to identify and discuss the prominent fundamental perfor-
simulations significant improvements in the conversion gainmance descriptions of active frequency multipliers.
are achieved in the cases where the input and output portsActive frequency multipliers utilize the nonlinear charac-
are impedance-matched.teristics possessed by any of the several transistor classes

As previously discussed, frequency multipliers are har-(BJT, FET, etc.). Exciting the nonlinear device with a funda-
monic generators that produce an output harmonic (nf 0) whenmental frequency provides an output spectrum rich in fre-
excited by a fundamental frequency ( f0). In the generation ofquency harmonics. One of the main advantages of active mul-
the desired harmonic, undesired harmonics are generated astipliers is their capability of producing positive conversion
well. As an example, in the case of a frequency doubler, thegains (conversion gains greater than 0 dB). The conversion
desired output harmonic is 2f 0, but other harmonics at f 0,gain of a frequency multiplier is defined as the ratio of the
3f 0, 4f 0, are generated. The ability of the multiplier to sup-output power for a particular harmonic delivered to the load
press the undesired harmonics is another key performanceto the fundamental input power. Maximizing the conversion
factor. This property of the frequency multiplier is called har-gain is crucial in the development and design of frequency
monic suppression. It is defined mathematically asmultipliers. In the specific case of frequency doublers, an in-

put signal at the fundamental frequency ( f0) is converted into suppression(m f0 )(dBc) = P0(nf 0 )(dBm) − P0(m f0 )(dBm) (64)
a signal at the second harmonic (2f 0). Mathematically, the
conversion gain can be expressed as (87)

where nf 0 is the desired frequency harmonic and mf 0 is an
undesired harmonic. In the case of the frequency doubler,
n � 2 and m � 1, 3, 4, . . ., which indicates that the desiredconversion gain = Pout(2 f0)

Pin( f0)
(60)

harmonic is 2f 0 and harmonic suppression is calculated for
the fundamental frequency ( f0), third harmonic frequencyor
(3f 0), and so on.

An application of frequency multipliers previously dis-conversion gain(dB) = Pout,2 f0
(dBm) − Pin, f0

(dBm) (61)

cussed is their use in communication systems in receivers and
Frequency doublers, which will be presented in the next sec- transmitters. A performance description of receivers in com-
tion, have been designed and developed exhibiting conversion munication systems, and therefore of frequency multipliers
gains approaching 9 dB. Alternatively, the conversion gain used in receivers, is their dynamic range, defined as the range
can be expressed as a percentage (88). This percentage is de- of input or output power levels where signals can be processed
fined as the ratio of the input power at the fundamental to with high quality without signal distortion. At low power lev-
the output power delivered to the load at the desired har- els, the dynamic range is limited by the sensitivity to the
monic. Using the example of the frequency doubler, this can noise floor or the minimum detectable signal as governed by
be represented as the noise floor. At higher powers, the dynamic range is lim-

ited by the acceptable level of signal distortion or, specifically,
by the power level where the small-signal gain has been com-
pressed by 1 dB (89,90).

η = Pin( f0)

Pout(2 f0)
× 100% (62)
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Using these definitions for the dynamic range, the opti-
mum dynamic range for frequency multipliers is achieved
when the power range between the noise floor and signal dis-
tortion is maximized. It involves tradeoffs between the input
signal drive level, the noise floor level, and the output signal
distortion.

Another important multiplier performance parameter is
the operational bandwidth. Bandwidth is defined as the fre-
quency band where specific performance specifications are
met, typically, one uses the conversion gain. Specifying a -3
dB bandwidth indicates the frequency band where the conver-
sion gain decreases by 3 dB from its peak. Optimizing multi-
plier bandwidth is an important task to the designer. Typi-
cally, tradeoffs have to be made in the performance of the
devices to achieve high bandwidths. As an example, higher
conversion gains are achieved for narrow bandwidth designs,

Gate

Source

Drain

Lg Rg LdRd

Dgd

Dgs

Cgs Vgs Vds

Rds

Rs

Ls

Ids (Vgs, Vds)

Cds

Cgd

and usually wide bandwidth designs are accomplished at the
Figure 25. Nonlinear device equivalent circuit model.expense of the conversion gain. One explanation for this is the

difficulty of achieving impedance matching over broad ranges.
Consequently, the conversion gain is reduced over the band
to compensate for the extended bandwidth. Over narrow fre- For the purposes of our discussion, a general nonlinear
quency bands impedance matching is less of a challenge and FET/HEMT model is shown in Fig. 25. In this model, the non-
thus readily facilitates optimization of conversion gain. linear parameters include the following (49):

Dgs � gate-to-source diodePertinent Properties of the Active Device
Dgd � gate-to-drain diode

Nonlinear Modeling. As pointed out previously, accurate Cgs � gate-to-source capacitance
device models are an essential ingredient for the efficient de- Cgd � gate-to-drain capacitance
sign of active microwave multipliers. This section presents

Cds � drain-to-source capacitancetypical information on active devices necessary in active mul-
Ids � drain-to-source currenttiplier design. Since most of the effort on active multipliers

Rds � output resistanceemploys FET type devices, the remaining portions of this pre-
gm � transconductance (not shown in model but is repre-sentation will stress this class of active elements. Some multi-

sented by the equation: gm � i�Ids/�Vgs)plier realizations utilizing BIPOLAR devices are addressed in
Ref. 95.

For an in-depth discussion of these parameters and theirClassification of Device Models. Active device circuit models
device design implications refer to Refs. (49) and (56).are developed and categorized according to their specific ap-

plications. Depending on this, a specific model is typically em-
Device Nonlinearities. It was discussed above that whileployed, such as small signal models and S parameter data for

the class of active devices available for multiplier applicationssmall signal amplifier applications.
includes BJT, MESFET, HEMT, etc., this work will employAlternatively, for frequency multiplier applications, excel-
HEMT transistors as a vehicle for design illustrations.lent nonlinear models are required to predict both the linear

The equivalent circuit for this device was shown in Fig. 25and nonlinear device performances.
with the nonlinear elements displayed which are exploited inThe development of such models is a challenging undertak-
the generation of frequency harmonics.ing which requires more depth in its exposition than space

Analysis of Nonlinearities. In analyzing FET/HEMT perfor-permits. The interested reader is referred to (49–78) for in-
mance, several authors have addressed the issue of identi-depth treatment of this topic.
fying the elements that contribute to the nonlinear behaviorDevelopment of Precision Models. Based on the necessity of
of FET transistors (49,75,76,79,86,93,97,98,101). Maas (86)requiring precision nonlinear models for illustration of accu-
has analyzed the nonlinear behavior of MESFET transistors.rate multiplier designs, we will utilize a high electron mobil-
In his study, Maas provided the magnitude of all parasiticity transistor manufactured by Fujitsu (FHX35LG) for that
components (Ls, Lg, Ld, Rg, and Rd) and intrinsic componentspurpose.
(Ri, Rds, Cgs, Cgd, and gm) in tabular form for various bias volt-Additionally, the frequency multiplier examples illustrated
ages. This provides insight into the nonlinear behavior ofbelow are doublers, and thus, the highest frequency harmonic
these component* for a typical transistor. Maas’ data for thewhich will be modeled is the third harmonic. Furthermore, it
parasitic inductors (Ls, Lg, and Ld) show that the magnitudeshas been pointed out in these applications, that the first three
of these inductors are very small and are on the order of hun-harmonics are of the greatest significance (99).
dredths of nH. Their values vary from 0.03 to 0.08 nH for Ls,A number of authors (48–78) have developed nonlinear ac-

tive device models which are typically employed in active
multiplier development. The interested reader is referred to
References 49 and 56 for in-depth discussion of most of these * Ri (not shown in Fig. 25) is the charging resistance in series with

Cgs.models.



RADIO-FREQUENCY MULTIPLIERS 93

from 0.09 to 0.12 for Lg, and 0.06 to 0.07 nH for Ld or, in the (65) to represent Ids, and that the second harmonic output
power level is 15 dB below the output power level at the fun-worst case, their magnitudes vary by only 0.05 nH over the

bias ranges. This indicates that at an arbitrary frequency of damental when using Eq. (66) to represent Ids.
1 GHz, the impedance of this inductance variation is approxi-
mately 0.25 �. This implies that the parasitic inductors can
be approximated with fixed, constant values for all bias re- Ids = Idss

�
1 − Vgs

Vp

�2

(65)

gions and, therefore, do not contribute as a source of nonline-
arity to the MESFET. The magnitude of the parasitic resis-
tors (Rg, Rs, and Rd) vary by only a few tenths of an ohm as

Ids = Idss

�
1 − Vgs

Vp

�2 �
1 + Vds

RdoIdss

�
(66)

functions of applied voltage. Therefore, similar to the para-
sitic inductors, their magnitudes can be fixed as constants in The conclusion is that the major contributor to the nonline-

arity of the FET is the Ids nonlinear clipping effect which pro-the device models.
Maas’ data show that the output resistance of the duced second harmonic output power 7.4 dB below the output

power at the fundamental. Slight contributions to the nonlin-MESFET varies nonlinearly over bias from approximately 10
� to 283 � (86). This variation is significant and indicates earity of the FET came from the Cgs nonlinearity, output con-

ductance nonlinearity, and Ids transfer nonlinearity. It shouldthat due to this nonlinear characteristic, the output resis-
tance of the transistors is one of the contributors to the non- be noted, however, that the study uses approximations in the

computer simulations. The computer model neglects the gate-linear effects observed in the MESFET transistor. The gate-
to-source and gate-to-drain capacitors (Cgs and Cgd) also vary to-drain branch of the circuit (Cgd and Dgd), the authors use a

predetermined unknown resistive load (RL), and they indicatenonlinearly as functions of applied voltage. Cgs is shown to
vary from 0.415 pF to 0.636 pF, and Cgd varies from 0.049 pF that the results are valid only for RL � Rdo where Rdo is the

output resistance. A final observation of this study is thatto 0.266 pF. This nonlinear variation in Cgs and Cgd indicates
that they are viable contributors to the harmonic production measured data indicating the accuracy and practicality of the

results are not presented.of the MESFET as well. The final element considered by Maas
is the transconductance. The transconductance shows signifi- With reference to the earlier work of Camargo (98), Dow

(97) discusses the nonlinear contributions of the MESFETcant nonlinear variation over bias, particularly in the satura-
tion region as it varies nonlinearly from 61.3 mS to 89.2 mS. transistor using a graphical approach. He develops an equiva-

lent circuit model from measured S-parameters to evaluateThis nonlinear variation indicates that it also contributes to
the nonlinear behavior of the MESFET. In summary, Maas’ the bias dependent nonlinear intrinsic circuit elements, and,

afterwards, presents curves representing gm, Cgs, and Gds ver-study reveals that the elements significantly contributing to
the nonlinear behavior of the MESFET are Rds, Cgs, Cgd, and sus Vgs and Vds to show the nonlinear behavior of these param-

eters. Examining the curves, Dow identifies particular biasgm. The remaining elements (Ls, Lg, Ld, Ri, Rg, Rs, and Rd) do
not vary nonlinearly and can be considered to be constants in regions of Vgs and Vds, where the nonlinear variation of gm and

Gds is more prominent and significant for harmonic genera-the models. Maas’ study was performed on a MESFET, how-
ever, his results can be employed in identifying the nonlinear tion. With regard to the contribution from Cgs, Dow references

the study performed by Gopinath and Rankin, as previouslycontributors to HEMT performance as well.
Gopinath and Rankin (79,119) have performed a study discussed, in stating that second harmonic generation is

weakly dependent upon Cgs nonlinearity. In summary, Dow’sidentifying the relative contributions of the various nonlinear
elements of MESFETs valuable for harmonic generation. study concludes that harmonic generation is obtained from

three sources of the MESFET: (1) nonlinearity of the intrinsicTheir work emphasizes harmonic generation at the second
harmonic using computer simulations and identifies the ma- parameters Cgs, gm, and Gds, (2) current rectification, which

occurs when the gate voltage swings into forward conduction,jor contributors to the nonlinear behavior of the MEFSET as
(1) Cgs and Cgd, (2) drain current nonlinearity, which results and (3) current clipping occurring when the gate voltage

swings below pinch-off.from the drain current clipping when Vgs swings below pinch-
off or into forward conduction, (3) the nonlinearity of the The previous discussions have stressed the determination

of the nonlinear elements responsible for harmonic genera-drain current equation representing Ids, and (4) output resis-
tance nonlinearity. tion in MESFETs. Focusing on the HEMT transistor, Golio

(49) indicates that the major nonlinear elements of the HEMTBased on computer analysis, Gopinath and Rankin con-
clude that, in the absence of other nonlinear contributions, device are (1) the drain-to-source current Ids, from which the

transconductance and output conductance are derived, (2) thethe second harmonic power level due to Cgs is on the order of
18 to 11 dB below the output power at the fundamental. In gate-to-source and gate-to-drain capacitors (Cgs and Cgd), and

(3) the gate-to-source and gate-to-drain diodes (Dgs and Dgd).evaluating the effect of Ids clipping, they neglect the transfer
characteristic of Ids and perform a Fourier analysis of the half- HEMT Characteristics. Modeled drain-to-source current,

transconductance, and output conductance data for a Fujitsuwave rectified waveform with Vgs � 0 V. They find that the
second harmonic output power level is 7.4 dB below the out- FHX35LG HEMT are shown below to demonstrate the nonlin-

ear characteristics of these types of active devices. Static I–Vput power level at the fundamental. Gopinath and Rankin
analyze the nonlinear contributions from the Ids current equa- curves are shown in Figs. 26 and 27 for the transistor using

the modeling techniques previously discussed and the equiva-tion nonlinearity and the output resistance by simulating the
harmonic response of the FET with the drain current repre- lent nonlinear model shown in Fig. 28. From the static I–V

curves, the transconductance and output conductance are de-sented by Eqs. (65) and (66), respectively. The simulations
show that the second harmonic output power level is 16 dB rived and plotted versus the drain-to-source (Vds) and gate-to-

source (Vgs) voltages as shown in Figs. 29–32. These plotsbelow the output power level at the fundamental using Eq.
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Figure 26. Modeled drain current of HEMT transistor versus drain-
to-source voltage.
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graphically display the nonlinearity of the transconductance
Figure 28. HEMT/PHEMT nonlinear equivalent model.and output conductance of the HEMT transistor as functions

of the dc bias voltages. As shown in these plots, these ele-
ments show varying degrees of nonlinearity, which are depen-
dent on the drain-to-source (Vds) and gate-to-source (Vgs) volt- case of harmonic generation, the conclusion has been ad-

vanced that optimum harmonic generation occurs for eitherages bias. The exploitation of these nonlinearities with
respect to the optimum bias conditions will be discussed in Vgs � 0 or Vgs � Vp (97,98,102,127). If the FET is biased at

Vgs � 0, the input voltage waveform appearing across thethe following section.
gate-to-source capacitance (Cgs) is clipped and will be half-
wave rectified due to the conduction cycles experienced by theNonlinearities Utilized for Frequency Multiplication. The pre-

ceding sections presented a general synopsis of device nonlin- gate-to-source diode. This rectified waveform is transferred to
Ids through the device’s transfer properties as reflected by theearities. This section delineates the nonlinearities of specific

importance for frequency multiplication applications, given analytical relation between Ids and Vgs (55). When the device
is biased at the pinch-off voltage (Vgs � Vp), however, the in-certain optimum bias conditions. Additionally, the impact of

terminating impedances on multiplier performance is de- put voltage at the gate causes the FET to turn on during the
positive half-cycle of the input voltage and the output voltagetailed.

Optimum Bias Selection. Golio (49) has noted that the again becomes a half-wave rectified waveform. When the gate
voltage is biased between 0 V and pinch-off (0 � Vgs � Vp),drain-to-source current (Ids) contributes to the nonlinear be-

havior of the HEMT transistor. In this accord, static I–V and the input voltage swing is large enough to cause clipping
on both ends, the output current at the drain will resemble acurves representing the drain-to-source current are utilized

to characterize two dominant nonlinear circuit elements pre- square wave. If the square wave is symmetrical, the second
harmonic component will be small, but the third harmonic isviously identified: the transconductance (gm) and the output

conductance (gds). These parameters plotted versus the drain- large allowing frequency tripling (97).
It has been shown that rich harmonic generation will re-to-source (Vds) and gate-to-source (Vgs) voltages as shown in

Figs. 26–32, show the nonlinearity of the elements displayed sult for Class A and Class B operation of the transistor
(97,98). Class A operation occurs for Vgs � 0 V and causesas a function of the dc bias voltages.

For the class of multipliers under consideration, the non- drain current (Ids) rectification when the gate diode swings
into forward conduction. Class B operation occurs for Vgs �linear behavior of the drain-to-source current (Ids) produces

harmonic generation through its clipping effect (79,98). In the Vp, where Vp is the pinch-off voltage, and causes the drain
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Figure 27. Modeled drain current of HEMT transistor versus gate-

Figure 29. Modeled transconductance of HEMT transistor versusto-source voltage.
drain-to-source voltage.
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Figure 30. Modeled transconductance of HEMT transistor versus Figure 32. Modeled output conductance of HEMT transistor versus
gate-to-source voltage. gate-to-source voltage.

current to clip when the gate voltage swings below pinch-off. In Figs. 34 and 36, oval circles representing the regions
(Region I) of optimum nonlinearity are indicated for Vgs � 0Dow (97) and Camargo (98) conclude that Class A FET multi-

pliers provide good multiplication gain and poor dc to RF effi- V. These regions are identified as areas where the nonlinear
variation in the transconductance and output conductance isciency, while Class B FET multipliers have poor multiplica-

tion gain and good dc to RF efficiency. greatest. In Fig. 34, the variation in the transconductance is
actually greatest for Vds � 0.5 V, but in this area of operationUsing the dc-to-RF efficiency expression, Eq. (63), the effi-

ciency for typical HEMT frequency doublers which was simu- the transistor does not supply appreciable gain, thus limiting
its usefulness at these bias levels for significant conversionlated with Vgs � Vp and Vgs � 0 V, respectively, can be com-

puted. As an example, evaluating various simulation data for gains. For Vds � 1 V, the transconductance tends to flatten
with no significant variation for Vgs � 0 V. This behavior isVgs � Vp, the dc-to-RF efficiency is 23.5%, and for typical simu-

lations for Vgs � 0 V, the dc-to-RF efficiency is 0.03%. In each observed again in Fig. 36 with the output conductance.
In Figs. 35 and 37, regions (Region II) for optimum nonlin-simulation the dc supply voltage (Vds) was 3 V, which causes

the dc power for the simulation with Vgs � 0 V to be consider- earity are represented for Vgs � Vp. Again, areas where the
nonlinear variation in the magnitudes of the transconduc-ably higher and, subsequently, to reduce the dc-to-RF effi-

ciency. Usually, for Class A operation the device is biased at tance and output conductance is greatest are indicated by
oval circles. In Fig. 35, significant nonlinear variation in thea lower Vds voltage than the case presented here, thus, reduc-

ing the dc power and increasing the dc-to-RF efficiency. transconductance is also seen in the vicinity of Vgs � �0.3 V.
Operating in this vicinity is optimum for frequency multipli-Focusing on the Fujitsu FHX35LG HEMT device, mea-

sured and modeled measurements provide static I–V curves ers, where the third harmonic (frequency tripler) is of interest
(97). Biasing in this vicinity with large voltage swings at theas shown in Fig. 33. From these data, measured and modeled

transconductance and output conductance are derived. Fig- gate of the FET causes the Ids waveform to clip at both pinch-
off and forward conduction and causes Ids to resemble aures 34–37 show the transconductance and output conduc-

tances plotted as functions of the gate-to-source (Vgs) and square wave, which enhances the third harmonic frequency
(97). In Fig. 35 significant variation in the output conductancedrain-to-source (Vds) voltages. Recalling that the optimum

bias conditions are either Vgs � 0 or Vgs � Vp, the HEMT also occurs for Vgs � 0 to �0.1 V for lower Vds values (Vds �
0.6 V). As mentioned previously, the gain of the transistortransconductance and output conductance plots of Figs.

34–37 show the nonlinear behavior of the transconductance diminishes significantly in these bias areas thus causing the
conversion gain of the frequency multiplier to reduce as well.and output conductance at the optimum bias regions.
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Figure 33. Measured and simulated IV curves of FHX35LG HEMTFigure 31. Modeled output conductance of HEMT transistor versus
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From these curves the prominent nonlinearity regions for presents a quantitative analysis leading to the assessment of
optimum terminating impedances in the design of active fre-Vgs � 0 is Region I of Fig. 36, where gds is dominant and for
quency multipliers, with special attention given to harmonicsVgs � Vp, Region II of Fig. 35, with gm showing the dominant
other than those desired. The analysis includes computereffect.
modeled HEMT data and supporting measured data for corre-
sponding circuit realizations. Circuit designs are presentedDetrimental Parasitics
utilizing HEMT transistors as the active element to verifyDefinition of the Parasitics. The equivalent circuit topology
modeled results. Based on available literature, the resultsfor the nonlinear FET transistor as given in Fig. 25 includes
demonstrate, for the first time, the quantitative effects of har-the parasitic elements (Ls, Lg, Ld, Rs, Rd, and Rg). These para-
monic termination on active multiplier conversion gain andsitics arise from the fabrication process in the development of
fundamental and higher harmonic suppression. An experi-semiconductor transistors and influence the performance of
mental design, which will be discussed later, reveals an im-the transistor and, thus, warrant inclusion into the equiva-
provement in multiplier gain of 77% over the conventionallent circuit model. The parasitic inductors (Ls, Lg, and Ld) pri-
approach, and data are presented which quantitatively illus-marily represent the inductance associated with the metal
trate the advantages of impedance termination considerationscontact pads deposited on the active channel layer of the FET.
under optimal bias conditions.The source and drain parasitic resistors (Rs and Rd) represent Background and Motivation. Numerous techniques exist for

the contact resistance of the ohmic contacts underneath the the realization of frequency multipliers, as will be discussed
metal contact pads and any bulk resistance leading up to the below. At radio frequencies, these techniques typically employ
active channel, and the gate parasitic resistance (Rg) repre- a nonlinear device to generate the desired frequency multiple.
sents the metallization resistance of the gate Schottky con- In the design of passive multipliers, the nonlinear element is
tact (49). typically a varactor diode. In the active case, the nonlinear

element typically includes any of several transistor classes
Optimum Bias Selection Referencing Harmonic Termina- such as BJT, FET, etc.

tions. A primary factor affecting optimum performance of mi- In many frequency multiplier design approaches, the op-
crowave multipliers employing nonlinear devices is the proper erating performance is improved by the proper selection of
termination of the fundamental and other harmonic fre- input and output circuits terminating impedances at the fun-

damental and harmonic frequencies (91–95,109,145).quency components with regard to bias selection. This section
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This section presents a quantitative analysis of the optimi- cuit realizations exist which conform to the configuration of
Fig. 38. This provides the motivation for development of azation of active multiplier conversion gain and spectral pu-

rity, as governed by fundamental and harmonic terminating matrix of various circuit configurations as illustrated in Table
1, which displays various harmonic terminating impedancesimpedances and regions of nonlinearity. It is believed that

access to this quantitative information will be of use for de- on the input and output ports of the multiplier realization
depicted in Fig. 38. Tables have been constructed for multi-signers of future circuits. HEMT transistors are employed to

represent the class of nonlinear elements to illustrate the ap- plier operation (up to the third harmonic) utilizing the preci-
sion HEMT computer model with case parasitics. Table 1, theproach. The optimum terminating impedances are deter-

mined for the input and output ports of the active device, uti- left-hand vertical column represents various impedance ter-
minations of the input network at the fundamental, secondlizing a recent nonlinear circuit model for HEMT transistors.

This is in marked contrast with earlier studies which used harmonic, and third harmonic frequencies. The top horizontal
row represents various impedances of the output network atapproximations in the simulated performance predictions

(79,93,98). The results presented in this section incorporate the fundamental, second harmonic, and third harmonic fre-
quencies.dependences between the input and output harmonic termi-

nating impedances which are not found in previous studies. To assess performance under various load terminations,
several load configurations were analyzed. Based on previousFor the multipliers examined in this section, these imped-

ances include terminations at the fundamental, second har- discussions, fundamental and harmonic loads of interest may
be short-circuited, open-circuited, matched or 50 �.monic, and third harmonic frequencies. Measured data are

presented which validate the practicality of the designs and As a first case, the options shown in Tables 1 and 2 were
selected. Since only 50 �, short and open loads are used, thisthe accuracy of the simulations.

Nonlinear Model. An accurate nonlinear circuit model is re- choice of terminations would appear to provide a concrete ba-
sis for assessing the effects of a variety of other input andquired for the quantitative assessment of optimum terminat-

ing impedances in the design of active frequency multipliers. output harmonic load conditions. Table 1 illustrates the con-
version gains obtained employing the FHX35LG HEMT utiliz-Such an equivalent circuit model permits supporting simu-

lated data to accompany any measured data which further ing a Harmonic Balance program with input and output net-
works synthesized with lumped elements to realize theauthenticate results. An accurate nonlinear model was pre-

sented earlier for the Fujitsu FHX35LG HEMT, which will be indicated harmonic terminations with f 0 � 3 GHz. The HEMT
in this table is biased at pinch-off Vgs � Vp and driven with 0employed below for analyzing bias selection with regard to

harmonic terminations (case parasitics are included in the dBm at the gate terminal (Region II). This table is presented
as a basis by which to measure the quantitative impact ofmodel but not shown in the figure).

Static I–V curves for this HEMT, obtained from the model a variety of terminations on multiplier conversion gain. The
numbers to the right of each entry in the table represent theof Fig. 25 and laboratory measurements, are employed to

characterize two dominant circuit element nonlinearities: powers obtained at respective harmonics. It is instructive to
consider a typical entry of interest in this table. The entrytransconductance (gm) and the output conductance (gd). These

parameters (modeled and measured), which were derived located in the second row and second column, for example,
shows that a conversion gain of 1.5 dB is obtained if the inputfrom the above sources, are plotted versus the drain-to-

source (Vds) and gate-to-source (Vgs) voltages shown in Figs. network terminates the fundamental f 0 and third harmonic
3f 0 in 50 �, while the second harmonic 2f 0 is short-circuited.33–37. These plots graphically display the nonlinearity of the

corresponding HEMT elements as a function of the dc bias The output network for this entry terminates the fundamen-
tal in a short circuit and all other harmonics in 50 �. Severalvoltages. The conclusions for the HEMT multiplier are pre-

sented quantitatively below. authors (93,98,99,102) have reported that the input network
should terminate the second harmonic in a short circuit. ForUtilizing the HMET transconductance and output conduc-

tance plots of Figs. 33–37, the prominent nonlinear regions lumped input circuit realizations, however, this table reveals
that this provides a 1.5 dB improvement over a 50 � or anfor the optimum dc bias points (either Vgs � 0 or Vgs � Vp)

were identified in previous sections. Fundamental load line open circuit termination at 2f 0 (row 1, column 2 and row 5,
column 2, respectively). While the conversion gains repre-analysis indicates that the optimum impedance for Region I

(Vgs � 0) is an open-circuit impedance which allows a maxi- sented in this table are not large and the dB values do not
show great variation, several trends are seen to emerge, andmum Vds voltage swing, and for Region II (Vgs � Vp) the opti-

mum impedance is a short-circuit impedance which allows a subsequent results will substantiate their implications. In
particular, the impact of input network terminations from themaximum Ids current swing (145). These qualitative asser-

tions will be substantiated quantitatively in the ensuing dis- data in rows 2 and 3 show, that for doubler operation, a short
circuit termination at 2f 0 provides the best conversion gain incussion.

The above analysis provides motivation for development of all cases considered.
Furthermore, a perusal of output network termination re-an optimal design approach. We employ the following multi-

plier design as an illustration. The basic topology of the fre- sponses shows that a short circuit at f 0 provides the best per-
formance using conversion gain as a basis.quency multiplier used is illustrated in Fig. 37. In this con-

figuration, SCi, i � 1 . . . n, and OCj, j � 1 . . . m, represent Table 2 shows similar data when the HEMT is biased at
Vgs � 0 (Region I). This Vgs value was chosen in accordanceshort-circuit and open-circuit terminating impedances, re-

spectively, for the multiplier input network at the respective with our previous discussion on optimum bias regions. While
an important outcome of the Vgs � 0 table was typically lowerfrequencies. Similarly, SCk, k � 1 . . . o, and OCl, l � 1 . . .

p, represent short- and open-circuit terminating impedances conversion gains in comparison with Table 1, where Vgs �
Vp, an even more significant observation is the dramatic im-for the multiplier output network. An infinite number of cir-
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Figure 38. Frequency multiplier real-
ization.

HEMTSC1 SCn SC1 SCo

OC1 OC1 OCpOCm

Input network Output network

REg

Rg

provement (�12 dB) obtained by employing an open circuit gains are obtained due to short circuiting as compared with
open circuiting the fundamental (i.e., 8.0 dB vs. 5.0 dB), (ii)termination at f 0 in the output network, in contrast with a

short circuit, which was the optimum case for Region II. Note 1.5 dB better conversion gain will be obtained for a short cir-
cuit at f 0 in comparison with a 50 � termination (notwith-that Table 1 predicts only a 1.6 dB improvement for the anal-

ogous comparison. standing the fact that the 50 � case would require some
form of output circuit fundamental suppression), (iii) 1.2 dBBased on the above, we present results only for the specific

case where the input network is short-circuited at 2f 0 in the of additional conversion gain is obtained if the third har-
monic is open circuited in contrast with the frequently usedensuing discussion.

Table 3 presents the results obtained for Region II opera- short-circuited third harmonic (8.6 vs. 7.4 dB), and (iv) 3.8
dB additional conversion gain is obtained over the casetion (Vgs � Vp) when the input network was synthesized to

provide a matched load at the fundamental frequency, f 0, and where an open circuit fundamental and short circuit third
harmonic output network are employed (i.e., 8.6 dB vs 4.8a short at 2f 0. In comparison with its counterpart in row 2 of

Table 1 which had a 50 � termination at f 0, it is seen that, as dB).
Table 4 presents the results obtained for Region II opera-expected, significant improvements occur in conversion gains

for all output network impedance terminations. A perusal of tion when the output network is synthesized to provide a
matched load at the second harmonic (2f 0) versus the previousthe values indicates that significant increases in conversion

gain of over 5 dB are typical in each case. Furthermore, the cases where a simple 50 � load was employed. Based on these
results, it can be seen that for output network terminations,following quantitative results may be observed for various

output network terminations: (i) 3.0 dB better conversion where the fundamental has been short circuited, an addi-

Table 1. Doubler Simulations with Lumped Components (Vgs � �0.7 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network 
50

50
50� 
 0

50
50� 
	

50
50� 
 0

50
	� 
	

50
	� 
50

50
0� 
50

50
	� 
 0

50
0� 
	

50
0�(�)a,b (�)a,b:


50
50
50� 
 5.96

�0.9
�14.7 � 
�73

0
�14� 
�66.5

�1
�17.8� 
�73.2

0.3
�72.5� 
 �66.5

�0.7
�107 � 
 5.9

�1.3
�94 � 
 5.9

�0.7
�104 � 
�73.2

�0.2
�94 � 
�66.5

�1.4
�97.2�


50
0

50� 
 6.2
0.3

�11.8� 
�72.9
1.5

�10.6� 
�66.3
�0.1

�17.2� 
�72.8
1.8

�68.9� 
 �66.3
0.2

�106 � 
 6.2
0

�92 � 
 6.3
0.7

�100 � 
�72.9
1.2

�91.1� 
�66.3
�0.5

�97.7�

50

0
0� 
 6

1.2
�13.4� 
�72.9

1.5
�10.6� 
�66.3

�0.1
�17.2� 
�72.8

1.8
�99.1� 
 �66.5

0.9
�109.6� 
 6.2

0.3
�11.8� 
 6.3

0.7
�100.6� 
�72.9

1.2
�91.1� 
�66.3

�0.5
�97.7�


50
50
0� 
 5.9

�2.2
�17.1� 
�73.2

1.3
�16.8� 
�66.5

�2.3
�15.8� 
 �73.2

�1.2
�108.2� 
 �66.5

�1.7
�106.6� 
 5.9

�1.3
�94.5� 
 5.9

�2.1
�108 � 
�73.2

�0.1
�94.1� 
�66.7

�2.7
�90.5�


50
	
50� 
 6.1

�1
�15.9� 
�73

0
�15.3� 
�66.6

�1.2
�21.2� 
 �73.1

0.1
�104 � 
 �66.6

�1
�109 � 
 6.1

�1.1
�96 � 
 6.1

�0.8
�105 � 
�73

�0.2
�96.1� 
 �66.5

�1.5
�100.4�


50
	
	� 
 6.1

�0.9
�15.7� 
�73

0
�15.1� 
�66.5

�1.1
�20 � 
 �73

0.3
�104 � 
 �66.5

�0.9
�108 � 
 6.1

�1.2
�96.2� 
 6.1

�0.7
�105 � 
�73

�0.2
�96 � 
�66.5

�1.4
�99.8�


50
50
	� 
 6

�0.8
�14.3� 
�73.1

0.1
�13.6� 
�66.5

�0.9
�17 � 
 �73

0.4
�102 � 
 �66.5

�0.7
�105 � 
 6

�1.3
�94.4� 
 6

�0.5
�103 � 
�73

�0.2
�93.9� 
�66.5

�1.4
�96.9�

a At 
 f0

2f0

3f0
�.

b 0 � short circuit; 	 � open circuit.
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Table 2. Doubler Simulations with Lumped Components (Vgs � 0 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network 
50

50
50� 
 0

50
50� 
	

50
50� 
 0

50
	� 
	

50
	� 
50

50
0� 
50

50
	� 
 0

50
0� 
	

50
0�(�)a,b (�)a,b:


50
50
50� 
 12.5

�10.1
�13.9� 
�66.2

�10.9
�10.7� 
�62.1

�2.4
�7.1� 
�66.2

�10.6
�98 � 
�62

�2
�92� 
 12.5

�10.2
�94.8� 
 12.5

�10
�101 � 
�66.3

�11.2
�91.8� 
�62.1

�2.2
�89.5�


50
0

50� 
 12.4
�11.1
�14.1� 
�66

�14.7
�11.1� 
�62.2

�2.6
�7.3� 
�66

�14.1
�98.4� 
�62

�2.1
�92.7� 
 12.4

�11.3
�94.9� 
 12.5

�10.8
�101 � 
�66.2

�15.3
�92.2� 
�62

�2.7
�89.8�


50
0
0� 
 12.4

�11.2
�18.6� 
�66

�15.3
�14.6� 
�62

�3.2
�5.9� 
 �66

�15.4
�105 � 
�62

�2.2
�94.2� 
 12.4

�10.8
�82.7� 
 12.4

�11.1
�109 � 
�66.1

�13.8
�81.8� 
�62.4

�2.8
�78 �


50
50
0� 
 12.4

�10.2
�18.3� 
�66.3

�11.2
�14.9� 
�62.1

�3
�5.7� 
�66

�11.2
�37.1� 
�62.1

�2.1
�93.9� 
 12.5

�10.4
�82.4� 
 12.4

�10
�109 � 
�66

�10.9
�82.2� 
�62.3

�2.4
�78 �


50
	
50� 
 12.6

�9.3
�13.7� 
�66.1

�10.3
�10.3� 
�62.1

�2.1
�7.1� 
�66.1

�10.1
�97.8� 
�62.1

�1.7
�92.4� 
 12.6

�9.3
�94.6� 
 �12.6

�9.2
�101 � 
�66.1

�10.7
�91.5� 
�62.1

�1.9
�89.6�


50
	
	� 
 12.6

�9.3
�13 � 
�66

�10.3
�9.7� 
�62

�1.9
�7.3� 
�66

�9.9
�96.5� 
�62.1

�1.7
�91.6� 
 12.6

�9.3
�94.8� 
 �12.6

�9.2
�100 � 
�66

�10.7
�91.5� 
�62

�1.8
�90.7�


50
50
	� 
 12.5

�10.1
�13.3� 
�66.2

�10.8
�10.1� 
�62.1

�2.2
�7.3� 
�66.1

�10.4
�96.8� 
�62.1

�2
�91.6� 
 12.5

�10.2
�95.1� 
 12.5

�9.9
�100 � 
�66.2

�11.2
�92 � 
�62.1

�2.1
�90.7�

a At 
 f0

2f0

3f0
�.

b 0 � short circuit; 	 � open circuit.

tional � 2 dB has been obtained over the results in Table 3 structure with a short circuit at 2f 0. Some additional conclu-
sions obtained from a further perusal of this table are as fol-and approximately 9 dB over Table 1 results.

Tables 5 and 6 display the results obtained utilizing mi- lows: (i) 8.6 dB conversion gain improvement may be obtained
by providing a distributed output network which is short cir-crostrip line circuits that were synthesized to provide shorted,

open, and 50 � terminations at respective fundamental and cuited at f 0 and 3f 0 as compared with 50 � input and output
terminations (row 1, column 1 vs. row 2, column 4), (ii) withharmonic frequencies as employed in many traditional de-

signs (79,92,95,97,98,100–110). the distributed input network terminated in a short circuit
1.3 dB improvement in conversion gain may be obtained byWith reference to Table 5 (Region II, Vgs � Vp), a compari-

son of the effect of the distributed input network (row 2, col- short circuiting the output network at f 0 and 3f 0 (column 4)
as compared with open circuits at f 0 and 3f 0 (column 5), (iii)umn 1) with a 50 � input network at f 0, 2f 0, and 3f 0 (row 1,

column 1) shows that 5.2 dB improvement in conversion gain the difference in termination in the output network between
open and short circuits at f 0 is on the order of 1 dB, and (iv)performance may be obtained by employing the distributed

Table 3. Doubler Simulations Matched on Input with Microstrip Transmission Lines (Vgs � �0.7 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network 
50

50
50� 
 0

50
50� 
	

50
50� 
 0

50
	� 
	

50
	� 
50

50
0� 
50

50
	� 
 0

50
0� 
	

50
0�(�)a,b (�)a,b:


50
50
50� 
 5.96

�0.9
�14.7 � 
�217

�0.3
�221 � 
�210

�0.7
�231 � 
�215

�0.2
�270 � 
�208

0.4
�270 � 
 5.5

�3.9
�232 � 
 4.1

0.3
�237 � 
�216

�3.3
�270 � 
�209

�4.2
�270 �


M
0

54� 
 13
6.5

�6.7� 
�65.7
8

�4.1� 
�62.3
5

�7.9� 
�65.7
8.6

�92.1� 
�62.5
5.2

�92.2� 
 13
6.1

�87.6� 
 13
6.9

�94.9� 
�65.6
7.4

�84.7� 
�62.2
4.8

�92.6�
a At 
 f0

2f0

3f0
�.

b 0 � short circuit; 	 � open circuit; M � matched.
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Table 4. Doubler Simulations Matched on Input and Output with Microstrip Transmission Lines (Vgs � �0.7 V, Pin � 0 dBm,
Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network 
50

50
50� 
 0

M
85� 
	

M
85� 
 0

M
	� 
	

M
	� 
36

M
0� 
37

M
	� 
 0

M
0� 
	

M
0�(�)a,b (�)a,b:


M
0

54� 
 14.4
6.4

�2.9� 
�70.2
10.1

�8.1� 
�61.9
�4.7

�16.2� 
�70
10.4

�89.5� 
�61.5
5

�99.1� 
 12.8
9.1

�95.8� 
 12.5
7.3

�86.1� 
�70
9.5

�96.7� 
 �60.6
5.1

�110.3�
a At 
 f0

2f0

3f0
�.

b 0 � short circuit; 	 � open circuit; M � matched.

an additional 2.3 dB of conversion gain is obtained by intro- While this is not the most generalized topology, it is one of the
ducing an additional short-circuited stub at 3f 0. most frequently used. The physical realization of an efficient

Table 6 presents similar results for Region I (Vgs � 0) oper- frequency multiplier subject to design criteria utilizing this
ation. Several significant conclusions are evident from these configuration is strongly reliant on the synthesis of networks
results: (i) best performance is considerably less (2.8 dB vs. N1, N2, and N3, which are typically, but not always, passive.
7.7 dB) than that for Region II operation, (ii) significant con- The criteria for specification of N1, N2, and N3 rely, heavily as
version gain improvement is obtained when the output net- usual, on fundamental active-device parameters. In the case
work is open circuited at f 0 in comparison with the short cir- of multipliers, this is heavily dependent upon bias conditions,
cuited condition (1.8 dB vs. � 13.1 dB � 15 dB, and (iii) 1 dB input power level, and frequency.
of conversion gain performance improvement is achieved by Only very seldom have designers intentionally employed
introducing an additional open-circuited stub at the third har- feedback (N3) in multiplier designs in the realization of such
monic. circuits. Synthesis of N3 is typically avoided, due in part to

This topic will be revisited in the next section in the dis- potential stability problems (93,106,147). This network, how-
cussion of active multiplier design. Specific multiplier designs ever, has the potential of providing useful improvement in
are illustrated demonstrating the efficacy of harmonic termi- conversion efficiency by proper combination of harmonics
nations and optimum bias selection. emerging from the active device with the input fundamental,

for example, at the correct phase. The feedback network (N3)
Active-Multiplier Design Techniques combines a harmonic component from the drain (collector) of

the transistor with the fundamental component on the gateExisting Design Techniques. Over the last few years, numer-
(base). Theoretically, this produces an enhanced componentous researchers have discussed numerous design approaches
at the desired output harmonic frequency on the drain (collec-leading to various design procedures utilizing various active
tor), assuming that in the ideal case the phase of the feedbackdevices and topologies in different media and frequency
is optimal (106,147).ranges. This section presents various existing design tech-

Some designers have selected a balanced version of the to-niques and other techniques implemented by the author.
pology given in Fig. 39 for doubler design, with expectationsA fundamental topological representation for realization of

active microwave multiplier circuits is shown in Fig. 39. of superior doubler performance (91,109,111–113,148,149).

Table 5. Simulated Doubler Response with Microstrip Elements (Region II; (Vgs �
�0.7 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network 
50

50
50� 
 0

50
0� 
	

50
0� 
 0

62
0� 
	

63
	� 
27

49
	�(�)a,b (�)a,b:


50
50
50� 
 5.96

�0.9
�14.7 � 
�27.1

�0.7
�26.3� 
�10.4

�0.9
�36.2� 
�25

0.4
�52.9� 
�17.3

0.8
�60.1� 
 4

0.6
�37.7�


50
0

50� 
 10.7
4.3

�10.2� 
�27.4
5.4

�22.6� 
�22
4.5

�21 � 
�19.9
7.7

�46.9� 
�13.5
6.4

�61 � 
 9
7.2

�32 �
a At 
 f0

2f0

3f0
�.

b 0 � short circuit; 	 � open circuit.
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Table 6. Simulated Doubler Response with Microstrip Elements (Region I; (Vgs � 0 V,
Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network �50

50
50� � 0

50
0� ��

50
�� � 0

62
0� ��

63
�� �27

49
��(�)a,b (�)a,b:

�50
50
50� � 12.5

�10.1
�13.9� ��20.2

�11.4
�26.3� ��15.1

�2.5
�25.4� ��22.9

�10.9
�49.3� ��12.5

�4
�55.4� � 11.1

�10
�33.9�

�50
0

50� � 14.7
�12.5

�8.4� ��18.4
�13.1
�18.4� ��14.4

1.8
�25.6� ��21.3

�10.4
�41 � ��11.1

2.8
�52 � � 13.2

�10.6
�2.8�

a At � f0

2f0

3f0
�.

b 0 � short circuit; � � open circuit.

These seem to have been inspired by the advantages actually amplification stages. Fundamental rejections of less than 10
dB appear to be realizable.realized in the design of diode doublers (150). Developers of

such balanced active multipliers state that these circuits are A block diagram of a typical balanced multiplier design is
shown in Fig. 41. At the input, the input signal of the multi-better due to the natural cancellation of the fundamental and

all odd harmonics, thus providing a virtual ground at the out- plier is fed through a power-divider-phase-shifter, which di-
vides the power between the two transistors with 180� phaseput of the active devices and permitting the location of any

matching networks closer to the drain (collector) of the de- difference between the input ports of the transistors. The
drains (collectors) of the transistors are connected on the out-vices (99). Furthermore, they indicate that such designs have

the advantage of high conversion efficiency, 3 dB better out- put by a combiner. At the output, the fundamental and har-
monic signals have opposite phase, and, by destructive inter-put power, better isolation, good harmonic suppression, and

the elimination of the long (�/4) stubs that are common in ference, cancel, giving good harmonic suppression. The
second-harmonic signals from the transistors have the samesingle-ended designs.

One of the classes of designs emphasizes the arrangement phase and thus interfere constructively.
A perusal of the published literature on such balanced de-of two or more transistors in one of several topological con-

figurations as shown in Figs. 40 and 41. The technique shown signs reveals, however, that they require complex components
in their realization. In addition to two ‘‘matched’’ active de-in Fig. 40 utilizes two identical fundamental-frequency sig-

nals, which are fed 180� out of phase to transistors T1 and vices (some designers use more in their ‘‘active’’ matching
stages), balanced designs typically require large baluns orT2. The circuit functions as a type of active full-wave rectifier

in that when the voltage at port 1 is positive, T1 conducts and power-splitter-phase-shifter combinations, T junctions, and in
some cases air bridges. Some realizations also require com-T2 is turned off and current flows through the emitter of T1 to

the load ZL. When the polarity of the input signal V( f1) is re- plex transitions and additional lengths of transmission lines
to rotate the active device outputs to achieve a pure reactanceversed, T2 conducts and T1 is turned off and current flows

through the collector of T2, providing an output to ZL. This output. Finally, only frequency-doubler designs are typically
process effectively provides a rectified output at ZL with the
corresponding strong second-harmonic content. This approach
has been demonstrated for doubler action over a broad fre-
quency range (1 GHz to 7 GHz) in MMIC topology. Conver-
sion gains range from 0 to 12 dB, utilizing input and output

(1)

(2)

(3)

T1

T2

ZL

V(f1)

V(f1)

–

+

–

+

Transistor ZLN1

N3

N2

Zg

Eg

Figure 40. Block diagram of push–push topology of frequency multi-
plier.Figure 39. Frequency-multiplier realization.
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decrease by 1 dB in a 4 dB design, while a �-amplitude imbal-
ance of 0.3 dB produces the same 1 dB decrease. A combina-
tion of imbalances of 10� and 0.3 dB together results in a �3
dB decrease in a 4 dB conversion gain design (113,151). For
these reasons, balanced realizations are not considered fur-
ther in this article although obviously some principles pre-

Phase-
shifter-
power
splitter

Transistor

Transistor

Combiner(1) (2)

sented are directly transferable to balanced circuits.
Figure 41. Block diagram of typical balanced frequency multiplier. Numerous investigators have reported designs for single-

ended microwave multipliers. Referring to Fig. 25, these de-
signs include networks N1 and N2 but exclude an external net-

reported. It is found that, with due consideration of the im- work N3. Thus, single-ended designs are based primarily on
portance of the particular active device characteristics and the realization of N1 and N2. Traditional synthesis of N1 and
frequency bands, these designs in almost all cases are nar- N2 have followed the lines of the passive case where N1 is
rowband (�10%) (Ref. 112, with �9 dB conversion gains is traditionally composed of a bandpass or lowpass filter or
one exception; it uses an additional active device), have mod- matching network tuned to a fundamental frequency, and N2
est conversion gain (�5 dB to �5 dB; 3 dB to 12 dB in one is similarly a matching network or bandpass or highpass fil-
case), and frequently yield sparse data on fundamental sup- ter tuned to the appropriate harmonic frequency of interest.
pression (typically between 12 dB and 30 dB). Synthesis of these networks includes the use of cascades of

Hiraoka (148), for example, developed a broadband MMIC filters and matching networks (87,88,97,99,108,110,124,125,
balanced frequency doubler with a fundamental frequency of 128,147,152–154) and such methods have been realized uti-
5 GHz, consisting of a common-gate FET and a common- lizing transmission lines and stubs to open-circuit or short-
source FET directly connected in parallel, followed by an out- circuit specific harmonics (88,108,110,154), while some au-
put-matching network. A phase-shifter network precedes the thors have additionally considered these networks as a cas-
common-gate FET to compensate for the phase error between cade of matching and reflection networks (95,104,110,154).
the outputs from the common-gate FET and the common- Many of these techniques determine optimal networks by uti-
source FET. A conversion loss of 8 dB to 10 dB was achieved lizing load-line analysis (91,92), intuitive reasoning based on
for output frequencies between 6 GHz and 16 GHz. Funda- previous results (92,124), computer optimization of general-
mental-frequency isolation (suppression) better than 17 dB ized models (106,108), and experimental techniques based on
up to output frequencies of 20 GHz was obtained. Unfortu- stub tuner measurements (88,154).
nately, the author did not provide any data on the third-har- The following paragraphs illustrate some specific examples
monic isolation (suppression). of these classes of realizations. Dow (97) developed an FET

Angelov (113) discusses a 20 GHz to 40 GHz balanced dou- frequency doubler with a fundamental frequency of 20 GHz
bler where two common-source PHEMTs are connected in utilizing matching networks and tuners. Network N1 includes
parallel followed by sections of transmission lines on the

a matching network at the gate designed to match the funda-gates before combining into a 3 dB coupler. The input signal
mental frequency and an output matching network N2 at theto the doubler is fed to a power divider, which divides the
drain which was designed to match the second harmonic. Inpower equally between the two input ports with 180� phase
addition to the matching networks, tuners were also includeddifference between the input ports. Sections of transmission
in both N1 and N2 to optimize the performance of the fre-lines connect the power divider to the drain of the PHEMTs.
quency doubler. A maximum conversion gain of �1.8 dB wasThe completed doubler circuit provides approximately �1 dB
achieved utilizing this topology.of conversion gain with a �3 dB bandwidth of approximately

Chen (87) developed a MESFET frequency doubler utiliz-5%. The author notes that the bandwidth is limited mainly
ing filters and matching networks. A low-pass filter wasby the 180� ratrace coupler. The author does not provide data
placed on the input of the circuit, which allows the fundamen-on the fundamental and the third-harmonic suppression.
tal frequency to pass through to the gate of the device, and aTakenaka and Ogawa (111,112) developed a wideband
high-pass filter was placed on the output of the device to allowMMIC balanced frequency multiplier utilizing line-unified
the desired second harmonic to pass. A matching network de-HEMT configurations. In line-unified HEMT configurations,
signed to match the second-harmonic frequency was placed incoplanar lines such as slotlines and coplanar waveguides are
series with the high-pass filter. Utilizing this topology, Chenused to connect the circuit electrically. A coplanar waveguide
achieved 8 dB of conversion gain.precedes a common-gate HEMT followed by slotline series T

Borg (95) has developed BJT frequency-doubler designsjunction, which acts as an out-of-phase divider to drive two
utilizing transmission lines and stubs. In one of these, a 50 �parallel, common-drain HEMTs. The output of the two
transmission line is placed on the input of the circuit, andHEMTs is connected to a coplanar waveguide followed by the
short-circuited stubs are employed on the output of the de-load resistance. This topology yields conversion loss of 8 dB
vice. This design produces 2.5 dB of conversion gain.to 10 dB in the 4 GHz to 40 GHz output frequency range, and
Rauscher (93) provides an FET frequency doubler utilizingfundamental-frequency signal isolation of better than 21 dB
transmission lines and stubs as well. On the input of the de-above the input frequency of 7 GHz. The authors do not pro-
vice, transmission lines are utilized to form impedance trans-vide any data on third-harmonic isolation.
formations and an open-circuited stub. On the output, theyOne final observation on balanced designs is the almost
are utilized to provide an open-circuited stub at the funda-universal disregard for the deleterious effects of channel im-
mental frequency. Rauscher’s data show that �0.5 dB of con-balances. It has been reported that for �-phase imbalances of

10�, the output conversion gain at the second harmonic will version gain was achieved in this design.
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Stancliff (91) and Gilmore (92) determine optimal net- tions. As with any such active design, the first step requires
works utilizing load-line analysis for their FET multiplier the selection of an active device possessing the appropriate
designs. Using the Ids versus Vds curves, they employ fun- performance characteristics (113), and particularly, in this
damental load-line analysis to demonstrate the output char- case, developing accurate nonlinear computer device models.
acteristics for a fundamental-frequency open-circuited load (In the present case, a particular device on hand has been
line placed on the output of the FET. Stancliff utilizes this selected for convenience.) Here, for example, we consider the
approach in a balanced configuration, whereas Gilmore uses effects of each devices nonlinearity [e.g. Cgs, Cgd, gds, Ids, Vgs,
it for the development of a single-ended multiplier. Vds)] on augmenting a particular device harmonic (97). At this

Various authors have used computer optimization tech- point the nonlinear device model should be accurately devel-
niques for generalized large-signal device models to develop oped, based on both dc and ac characteristics, to match the
frequency multipliers (106,108). El-Rabaie (108) uses a har- measured performance of the transistor (48,109,146).
monic balance analysis technique to optimize a MESFET fre- The next step requires utilizing the device model and/or
quency doubler utilizing a large-signal MESFET device measured data to determine optimum bias points and input
model. This technique determines the terminating impedance power levels, using both static and Pin versus Pout data. Exam-
value that should be presented to the multiplier for optimum ples of this process may be found in previous publications
performance, while the approach utilized by Guo (106) deter- (97,147). At this stage, it is important to develop the require-
mines optimum bias voltages and optimum load impedances. ments on the termination networks N1 and N2 of Fig. 39 lead-

Le (88) utilizes experimental techniques based on stub ing to optimum multiplier performance. This process requires
tuner measurements to design frequency multipliers. In this the use of expensive computer analysis to be efficient time-
approach, load-pull measurements are performed to measure wise, although, as has been done by several researchers
impedances at various harmonics at various bias voltages, (88,108), some limited results can be achieved by extensive
and utilizing these data, frequency multipliers are designed time-consuming measurements. As mentioned previously, El-
optimizing conversion gain and efficiency. Le uses this ap- Rabaie (108) and Le (88) used computer optimization of gen-
proach in the development of a frequency tripler, which pro- eralized nonlinear models to optimize frequency multipliers.
vided a conversion gain of �2.4 dB. The outcome of this process is the prescribed driving-point

Single-ended designs using the previously mentioned de- responses for networks N1 and N2 when terminated in Rg and
sign techniques have exhibited excellent performance. Con- RL, respectively, where Rg is the source resistance and RL is
version gains approaching 9 dB, harmonic suppression ex- the load terminating impedance.
ceeding 40 dBc, and bandwidths approaching 35% have been The final step (Fig. 42) involves the synthesis of ZN1

and
reported (140,142). A significant drawback of some single- ZN2

to realize the prescribed impedances, where ZN1
and ZN2ended designs is the potentially large size constraints re- are the respective driving point impedances of N1 and N2.quired by matching networks and harmonic terminating Illustration of Unified Design Technique. Here we describe

stubs. Long stubs of lengths approaching �0/4 are commonly the design of an experimental frequency doubler based on the
used. Even though the performance of frequency multipliers

above approach, utilizing a Fujitsu FHX35LG HEMT transis-using these design techniques is excellent, they are unsuit-
tor. This transistor was modeled in a previous section whereable for applications where size constraints are specified. In
measured and modeled data were presented showing the ac-certain cases, however, it has been shown that discrete net-
curacy of the nonlinear model subsequent to performing stepworks are feasible for significant size reduction.
1 above.

We need to determine the optimum bias points and inputA Unified Design Technique. Existing frequency multiplier
power levels from either measured or modeled data. Figuresdesign techniques are presented in the previous sections.
43–47 show simulated data for various bias conditions andWhile these approaches suffice to produce multipliers that
input power levels of the FHX35LG transistor. Figure 43work, they are not necessarily efficient in that proper synthe-
shows the simulated output power at 3 GHz versus the gate-sis of N1 and N2 can yield significant improvements in perfor-
to-source voltage Vgs at the fundamental frequency and themance as measured by conversion gain. In this section, a con-
second-harmonic frequency, Fig. 44 shows the simulated out-sistent design technique is proposed for the design of active
put power at the second-harmonic frequency versus the drain-frequency multipliers, using the topology shown in Fig. 42
to-source voltage Vds, Figs. 45 and 46 show the conversionstemming from research on terminating-impedance effects on
gain at the second harmonic versus Vgs for various inputactive devices.
power levels, and Fig. 47 shows the simulated output powerDue to the extraordinary complexity of nonlinear circuit
versus input power. Figures 43, 45, and 46 show that goodproblems, it is proposed that the technique, while heavily reli-
second-harmonic generation occurs for Vgs � 0 V and Vgs �ant on experimental measurements, be based on in-depth
Vp � �0.7 V. However, in the present case, the conversioncomputer-aided design. Based on a perusal of the literature,
gain is greater by approximately 9 dB (�1 dB versus �10 dB)there appears to be little discussion on this topic for active
when operating at Vgs � Vp with Pin � 0 dBm (Fig. 46) thenmultipliers other than an occasional reference to power limi-

tation in overdriving the drain in MESFET/HEMT realiza- when operating at Vgs � 0 V. The results indicate that the

Figure 42. Topology of active micro-
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Figure 43. Simulated output power of
FHX35LG HEMT versus Vgs (Pin � 0 dBm,
Vds � 3 V, f � 3 GHz).
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Figure 44. Simulated output of the sec-
ond harmonic versus Vds for FHX35LG
HEMT (Pin � 0 dBm, f � 3 GHz).
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Figure 45. Simulated conversion gain of
FHX35LG HEMT versus Vgs (Vds � 3 V,
f � 3 GHz).
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Figure 46. Simulated conversion gain of
FHX35LG HEMT versus Vgs (Vds � 3 V,
f � 3 GHz).
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Figure 47. Simulated output power ver-
sus input power of FHX35LG (Vgs � Vp �
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Input power (dBm) �0.7 V, Vds � 3 V, f � 3 GHz).

optimum bias and input power values for the doubler are gain based on resistive termination and pole–zero placement
for both N1 (ZN1

) as the input network and N2 (ZN2
) as theVgs � Vp � �0.7 V and Pin � 0 dBm.

The next step requires the generation of matrix tables for output network. In particular, it is seen that if the device is
driven from an N1 that admits a real 50 � impedance pre-the design of a frequency doubler operating at 3 GHz input.

These matrix tables represent the simulated output powers of sented to the gate and is terminated in a real 50 � impedance
for N2 seen from the drain, then the conversion gain will havethe HEMT frequency doubler for various combinations of the

input and output impedances (ZN1
and ZN2

) presented to the a value of �10.1 dB for operation as a doubler or �13.9 dB
as a tripler, with due consideration of unwanted harmonics.HEMT. In this case extensive terminating tables were gener-

ated for both Vgs � 0 V and Vgs � Vp � �0.7 V (79). Several However, if N1 presents an impedance to the gate of the
HEMT of 50 � at f 0, a pole at 2f 0, and 50 � at 3f 0, and N2matrix tables are shown in Tables 1–4, 7–12.

Tables 1 and 2 show the output power simulations where presents a pole f 0, 50 � at 2f 0, and a pole at 3f 0, then the
conversion gain increases 8.4 dB to a value of �1.7 dB.lumped elements (not always practical values) were utilized

to present the various impedances to the input and output In efforts to realize impedances with transmission lines,
ideal transmission lines were used to present the variousports of the HEMT for Vgs � 0 V and Vgs � Vp. As an example,

Table 2 shows an analysis with the HEMT biased at Vgs � 0 ideal impedances to the HEMT, without considering losses,
to obtain a best-case scenario before proceeding to practicalV. The table illustrates the wide variation in the conversion

Table 7. Doubler Simulations with Ideal Transmission Lines (Vgs � �0.7 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network �50

50
50� � 0

50
50� ��

50
50� � 0

50
�� ��

50
�� �50

50
0� �50

50
�� � 0

50
0� ��

50
0�(�)a,b (�)a,b:

�50
50
50� � 5.96

�0.9
�14.7 � ��217

�0.3
�221 � ��210

�0.7
�231 � ��215

0.2
�270 � ��208

0.4
�270 � � 5.5

�3.9
�232 � � 4.1

0.3
�237 � ��216

�3.3
�270 � ��209

�4.2
�270 �

�50
0

50� � 10.5
4.5

�17.9� ��213
�5.4

�215 � ��207
3.9

�224 � ��211
6

�270� ��204
5.2

�270 � � 10.2
1.8

�225 � � 8.7
6.1

�232 � ��212
�2.5

�270 � ��206
0.1

�270 �
�50

0
0� � 8.7

2.5
�12.6� ��215

3.2
�219 � ��208

2
�232� ��213

4.3
�270 � ��205

2.8
�270 � � 8.3

�0.7
�229 � � 6.9

4.3
�235 � ��213

0.1
�270 � ��207

�0.9
�270 �

�50
50
0� � 5.4

�2
�18.2� ��218

�1.4
�213 � ��211

�2.5
�237 � ��216

�2.3
�270 � ��208

�2.3
�270 � � 3.4

�4.1
�220 � � 3.4

�2.1
�246 � ��217

�3.6
�270 � ��209

�5.3
�270 �

�50
�
50� � 2.7

�4.4
�19.8� ��221

�3.7
�227 � ��213

�4.1
�239 � ��219

�4.1
�270 � ��211

�3.8
�270 � � 2.3

�6.5
�235 � � 0.6

�4.2
�246 � ��220

�6
�270� ��212

�7
�270�

�50
�
�� � 4.7

�2.7
�23.4� ��219

�3.2
�219 � ��211

�2.4
�235 � ��217

�5
�270� ��209

�2.6
�270 � � 4.3

�4.9
�237 � � 2.6

�2.6
�238 � ��217

�4.8
�270 � ��210

�4.9
�270 �

�50
50
�� � 3

�4.3
�15.9� ��221

�4
�222� ��212

�4.2
�235 � ��218

�1.8
�270 � ��210

�2
�270� � 2.2

�8.8
�236 � � 1.2

�1.6
�232 � ��220

�8.2
�270 � ��212

�8.5
�270 �

a At � f0

2f0

3f0
�.

b 0 � short circuit; � � open circuit.
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Table 8. Doubler Simulations with Ideal Transmission Lines (Vgs � 0 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network �50

50
50� � 0

50
50� ��

50
50� � 0

50
�� ��

50
�� �50

50
0� �50

50
�� � 0

50
0� ��

50
0�(�)a,b (�)a,b:

�50
50
50� � 12.5

�10.1
�13.9� ��211

�11.3
�219 � ��206

�2
�217� ��208

�11
�270� ��203

�3.3
�270 � � 11.9

�13.2
�232 � � 11.1

�10.3
�235 � ��209

�14.2
�270 � ��204

�5
�270�

�50
0

50� � 14.8
�13.8

�5.6� ��209
�11.8

�211 � ��205
3.2

�214 � ��207
11.2

�270� ��202
3

�270� � 14.2
�18.7

�223 � � 13.2
�13.9

�226 � ��208
�14.7

�270 � ��203
0.2

�270 �
�50

0
0� � 13.7

�11.6
�10.4� ��210

19.8
�216 � ��205

1.3
�214 � ��207

�19.5
�270 � ��202

0.6
�270 � � 13.2

�15.7
�228 � � 12.3

�13.9
�231 � ��208

�22.4
�270 � ��204

�2
�270�

�50
50
0� � 12.4

�10
�19.3� ��211

�9.3
�213 � ��206

�2.2
�222 � ��208

�10.3
�270 � ��203

�3.8
�270 � � 11.9

�12.6
�224 � � 10.9

�10.6
�243 � ��210

�12.8
�270 � ��204

�5
�270�

�50
�
50� � 10.9

�11.6
�19.4� ��212

�11.6
�226 � ��206

�6.1
�222 � ��210

�12.4
�270 � ��204

�8.2
�270 � � 10.3

�14.4
�236 � � 9.4

�12.6
�242 � ��211

�14.1
�270 � ��205

�8.5
�270 �

�50
�
�� � 12.1

�10.7
�21.4� ��211

�13
�215� ��205

�1.3
�217 � ��209

�13.9
�270 � ��203

�3.1
�270 � � 11.6

�15.8
�226 � � 10.6

�11.7
�246 � ��210

�15.7
�270 � ��204

�4.3
�270 �

�50
50
�� � 10.9

�13.3
�19.8� ��212

�10.4
�228 � ��206

�5.5
�220 � ��210

�9.5
�270 � ��204

�6.4
�270 � � 10.3

�16.8
�239 � � 9.5

�11.6
�241 � ��211

�14.5
�270 � ��205

�9.8
�270 �

a At � f0

2f0

3f0
�.

b 0 � short circuit; � � open circuit.

Table 9. Doubler Simulations with Microstrip Transmission Lines (Vgs � �0.7 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network �50

50
50� � 0

50
50� ��

50
50� � 0

50
�� ��

50
�� �50

50
0� �50

50
�� � 0

50
0� ��

50
0�(�)a,b (�)a,b:

�50
50
50� � 5.96

�0.9
�14.7� ��27.1

�0.7
�26.3� ��10.4

�0.9
�36.2� ��25

0.4
�52.9� ��17.3

0.8
�60.1� � 5.6

�5.1
�26.9� � 4

0.6
�37.7� ��26.1

�4.3
�41.8� ��18.9

�5.2
�54.3�

�50
0

50� � 10.7
4.3

�10.2� ��27.4
5.4

�22.6� ��22
4.5

�21 � ��20.5
8.6

�42.8� ��13.5
6.4

�61 � � 10.5
0.3

�24 � � 9
7.2

�32 � ��21.2
1.3

�37.3� ��15.6
�0.4

�41.8�
�50

0
0� � 8.4

2.8
�8.7� ��24.5

3.2
�22 � ��17.6

2.1
�36.8� ��22.2

5.5
�46 � ��15

4.6
�73.7� � 8

�2
�21.3� � 6.8

5.9
�30.4� ��23.6

�0.9
�35.6� ��17

�2.2
�47 �

�50
50
0� � 5.8

�1.3
�17 � ��27.4

�0.2
�29.1� ��20

�1.7
�38.1� ��23

1
�55.2� ��17.7

�0.2
�74 � � 5.5

�5
�27.6� � 3.7

0.2
�43.1� ��18

�5.6
�33.5� ��19.2

�5.7
�47.9�

�50
�
50� � 3.1

�3.9
�18.3� ��28.4

�3.6
�43.8� ��28.4

�3.6
�43.8� ��28.2

�3
�64.3� ��20.1

�2.9
�66.9� � 2.9

�7.1
�28.1� � 0.9

�3.3
�50.6� ��30

�6.4
�43.2� ��21.3

�7.6
�53 �

�50
�
�� � 5.7

�1.1
�16.5� ��27.6

�1
�30.2� ��19.9

�1
�44.2� ��25.7

�0.5
�55.4� ��17.8

�0.1
�60.5� � 5.5

�5.1
�29.2� � 3.5

0
�38.8� ��26.4

�4.5
�43.8� ��19

�4.9
�51.8�

�50
50
�� � 2.9

�5.2
�16.4� ��35.5

�5
�29 � ��28.3

�4.8
�37.1� ��28.3

�4.2
�50.3� ��20.2

�3.8
�54.5� � 2.3

�10.1
�35.4� � 0.8

�4.2
�31.4� ��29.5

�9.7
�47.5� ��21.6

�9.7
�51.9�

a At � f0

2f0

3f0
�.

b 0 � short circuit; � � open circuit.
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Table 10. Doubler Simulations with Microstrip Transmission Lines (Vgs � 0 V, Pin � 0 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network �50

50
50� � 0

50
50� ��

50
50� � 0

50
�� ��

50
�� �50

50
0� �50

50
�� � 0

50
0� ��

50
0�(�)a,b (�)a,b:

�50
50
50� � 12.5

�10.1
�13.9� ��20.2

�11.4
�26.3� ��15.1

�2.5
�25.4� ��22.9

�10.9
�49.3� ��12.5

�4
�55.4� � 12

�13.9
�28.9� � 11.1

�10
�33.9� ��19.3

�15.1
�39.1� ��14.3

�6
�36.3�

�50
0

50� � 14.7
�12.5

�8.4� ��18.4
�13.1
�18.4� ��14.4

1.8
�25.6� ��21.3

�10.4
�41 � ��11.1

2.8
�52 � � 14.2

�17.1
�22 � � 13.2

�10.6
�2.8� ��17.5

�17
�31.8� ��13.6

�2.5
�34.5�

�50
0
0� � 13.6

�11.5
�9.3� ��19.2

�19
�22.4� ��14.6

0.5
�21.8� ��21.9

�15.3
�45 � ��11.7

0.4
�59.6� � 13.2

�17.1
�24.8� � 12.3

�11.2
�28.8� ��18.3

�22.8
�35.3� ��13.9

�3
�32.3�

�50
50
0� � 12.6

�10.3
�17.5� ��20.2

�11.3
�29.7� ��15

�2.6
�29.5� ��22.9

�11.1
�53 � ��12.3

�4
�53.4� � 12.1

�13.7
�33.9� � 11.1

�10.4
�36.5� ��19.3

�14.7
�42.8� ��14.2

�5.9
�41 �

�50
�
50� � 11.2

�11.4
�18.9� ��21.6

�11.6
�32.4� ��15.6

�6.8
�32.3� ��24.4

�11.9
�54.6� ��13.1

�8.5
�60.4� � 10.6

�14.6
�32.7� � 9.7

�12.1
�39.8� ��20.7

�14.8
�45.2� ��14.7

�9.6
�42.6�

�50
�
�� � 12.7

�9.4
�13.5� ��20.2

�11.1
�26.1� ��14.8

�1
�23.2� ��22.9

�11.2
�50.2� ��12.1

�2.9
�52.2� � 12.2

�13.1
�29.4� � 11.2

�10.5
�33.1� ��19.3

�14.3
�39.2� ��13.9

�4
�34 �

�50
50
�� � 11

�12.1
�18.8� ��25

�16.4
�45.2� ��15.8

�6.1
�27.7� ��24.4

�10.9
�57 � ��13.3

�8.3
�55.1� � 10.5

�16.2
�35.6� � 9.6

�11.9
�38.4� ��20.7

�14.3
�47.3� ��15

�10.2
�39.5�

a At � f0

2f0

3f0
�.

b 0 � short circuit; � � open circuit.

Table 11. Doubler Simulations with Microstrip Transmission Lines (Vgs � �0.7 V, Pin � �4 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network �50

50
50� � 0

50
50� �50

0
0� � 0

50
0� � 0

50
50� �50

50
�� ��

50
�� � 0

50
�� ��

50
0�(�)a,b (�)a,b:

�50
50
50� � 0.5

�6.7
�21.3� ��32.7

�6.1
�34.3� � �0

�10.8
�33.3� ��31.6

�10
�48 � ��25.1

�6.8
�46.6� � �1.5

�4.9
�43.4� ��22.8

�5.1
�65.9� ��35.9

�4.8
�60.6� ��24.2

�11.1
�60.2�

�50
0

50� � 6
6

�13.7� ��26.9
1

�26.6� � 5.8
�4.2

�25.5� ��25.9
�3.2

�39.4� ��20.8
�1

�34.5� � 4.5
3

�36.2� ��18.2
1.5

�61.9� ��29.5
4.3

�49 � ��19.9
�5.2

�46.3�
�50

0
0� � �4

�11.8
�28.2� ��29.9

�2.2
�28.6� � 2.7

�7.4
�27.3� ��28.9

�6.4
�41.6� ��22.8

�3.6
�41.6� � 1.5

0.3
�37.3� ��20.4

�1
�72 � ��32.7

0.8
�50.2� ��22

�7.9
�52.9�

�50
50
0� � 0.2

�7.1
�23.7� ��33

�6.1
�34.9� � �0.1

�10.6
�32.7� ��31.9

�9.5
�45.8� ��25.4

�7.6
�43.8� � �1.9

�5.6
�53.8� ��23.1

�6.1
�77.4� ��36.3

�4.4
�65.1� ��24.5

�11.6
�54 �

�50
�
50� � �2.4

�10.1
�26.2� ��35.8

�9.4
�39.7� � �2.8

�13.4
�36 � ��34.7

�12.8
�50.7� ��27.7

�10.1
�50.6� � �4.6

�9.1
�57.5� ��25.6

�9
�75.2� ��39.1

�8.2
�69.5� ��26.8

�13.9
�60 �

�50
�
�� � 0.2

�7
�23.1� ��33.1

�6.7
�37.2� � 0

�10.8
�35.8� ��32

�10.1
�50.2� ��25.3

�7.1
�49.6� � �2

�5.7
�46.2� ��23.3

�6
�68.7� ��36.5

�5.4
�66.1� ��24.4

�11
�58 �

�50
50
�� � �2.6

�11.1
�25.1� ��35.9

�10.9
�38.5� � �3.2

�15.8
�45.3� ��35.1

�15.3
�57.6� ��27.7

�11.1
�46.5� � �4.7

�9.7
�39.3� ��25.6

�9.7
�62.9� ��39.2

�10.4
�58.3� ��27

�15.8
�62.1�

a At � f0

2f0

3f0
�.

b 0 � short circuit; � � open circuit.
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Table 12. Doubler Simulations with Microstrip Transmission Lines (Vgs � 0 V, Pin � �4 dBm, Vds � 3 V)

Output Power (dBm)a

Input Output
Network Network �50

50
50� � 0

50
50� ��

50
50� � 0

50
�� ��

50
�� �50

50
0� �50

50
�� � 0

50
0� ��

50
0�(�)a,b (�)a,b:

�50
50
50� � 9.1

�15.5
�23.5� ��23.3

�14.5
�38.7� ��17.5

�17.2
�42.6� ��26

�14.2
�61.3� ��15

�17.4
�68.6� � 8.7

�18.8
�38.8� � 7.8

�15.1
�44 � ��22.3

�18.2
�51.7� ��16.6

�20.8
�54 �

�50
0

50� � 12.2
�13.4
�17.8� ��20.2

�16.9
�29.5� ��15.8

�6.8
�31 � ��22.9

�14.2
�51.8� ��13.2

�5.8
�55.7� � 12

�16.7
�32.5� � 10.9

�12.3
�37.6� ��19.3

�20.7
�42.5� ��15

�11.1
�45.3�

�50
0
0� � 10.5

�14
�19.4� ��21.9

�16.1
�34.5� ��16.6

�12.1
�38.9� ��24.7

�13.3
�57.5� ��14.1

�10.7
�75.9� � 10.1

�17.7
�35.7� � 9.1

�12.9
�39 � ��21

�20
�47.5� ��15.8

�15.9
�49.2�

�50
50
0� � 9.2

�15.5
�24.8� ��23.3

�14.7
�39.1� ��17.2

�16.2
�38.5� ��26.1

�14.8
�61.8� ��14.8

�16.9
�63 � � 8.8

�18.5
�40.9� � 7.8

�15.7
�44.4� ��22.4

�17.9
�52.7� ��16.3

�19.5
�51.8�

�50
�
50� � 7.7

�17.8
�27.6� ��25.1

�17.4
�43.3� ��18.3

�20.9
�46.8� ��27.8

�17.9
�65 � ��15.9

�21.8
�71.5� � 7.1

�20.9
�41.4� � 6.2

�18.6
�49.2� ��24.2

�20.4
�56.4� ��17.4

�23.9
�58.7�

�50
�
�� � 9.4

�14.3
�22.9� ��23.3

�14.3
�38.2� ��16.9

�15.7
�40.3� ��26.1

�14.6
�61.8� ��14.5

�17
�67 � � 9

�17.5
�39.3� � 7.9

�15.2
�42.9� ��22.4

�17.3
�51.8� ��16.1

�18.6
�51.3�

�50
50
�� � 7.5

�1.9
�26.9� ��30.3

�16.4
�45.2� ��18.6

�22.3
�45.3� ��27.8

�17.5
�67.4� ��16.2

�23
�69.5� � 7

�22.9
�43.8� � 6.1

�18.6
�47 � ��24.1

�20.8
�58.1� ��17.7

�26.6
�57.5�

a At � f0

2f0

3f0
�.

b 0 � short circuit; � � open circuit.

Figure 48. Transmission magnitude for
input network (ZN
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output network (ZN

2
).

–10

–20

–30

–40

–50

–60

–70
2 3 4 5 6 7 8 9 10 11 12 13

Simulated
Measured

Frequency (GHz)

S
2

1
 (

d
B

)

0



RADIO-FREQUENCY MULTIPLIERS 109

indicate that the desired short-circuit effect is established at
the second harmonic (6 GHz) for ZN1

as shown in Fig. 48, and
similarly for the measured and modeled response of ZN2

in
Fig. 49.

The complete experimental frequency doubler was realized
on 50 �m (20 mil) duroid, and its response is shown in Figs.
50 and 51. Figure 50 shows the conversion gain of the doubler
using the technique outlined here, and Fig. 51 shows the har-
monic suppression. Figure 50 shows that the maximum con-
version gain is 8.5 dB with a �3 dB bandwidth of approxi-
mately 8% and with harmonic suppression greater than 20
dBc.

Conventional doubler designs have employed a short-cir-
cuit termination at the second-harmonic frequency on the in-
put network along with a short-circuit termination at the fun-
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damental on the output network. This conventional designFigure 50. Conversion gain of HEMT doubler using unified tech-
approach (row 2, column 2) shows the simulated conversionnique (Pin � 0 dBm, Vgs � �0.7 V, Vds � 3.0 V).
gain as 3.2 dB less than the optimal case outlined by this new
approach. For comparisons, a frequency doubler utilizing the
conventional approach mentioned is developed on 20 mil dur-microstrip lines. Tables 7 and 8 show the simulations of the
oid as well. The measured and simulated conversion gain foroutput power of the doubler for Vgs � 0 V and Vgs � Vp, utiliz-
the HEMT doubler utilizing this conventional approach ising ideal transmission lines. Variations in the conversion
shown in Fig. 52. The circuit is seen to have a conversion gaingain, as observed in the previous matrix simulation tables,
of approximately 5 dB around the center frequency of 3 GHz,are observed in the simulations that utilize ideal transmis-
rising to 6.7 dB at 3.08 GHz. As indicated previously, the con-sion lines as well.
version gain produced by the conventional design approachDoubler simulations utilizing practical microstrip lines are
exhibits approximately 3 dB less conversion gain than dou-considered next. Figures 44–48 show simulations utilizing
blers designed with the unified approach.microstrip lines for Vgs � 0 V and Vgs � Vp for input powers of

0 dBm and �4 dBm.
A perusal of the matrix tables (specifically Tables 9–12) Reflector Method. Another single-ended design technique

(93,95,104,109) is based on the use of reflector networks. Thisprovides requirements for both input and output network im-
pedances to provide optimal conversion gain performance for section presents examples of doubler designs operating in the

S and C frequency bands incorporating such reflector net-a frequency doubler. In Table 9, the optimum conversion gain
is shown to be 8.6 dB (row 2, column 4), where the required works to provide optimized performance. In this presentation,

reflector networks are employed simultaneously on both theinput termination is a short circuit at the second-harmonic
frequency and the output network consists of an open-circuit input and output of HEMT based designs. In a common

source configuration, the input reflector network passes thetermination at the third-harmonic frequency along with a
short-circuit termination at the fundamental. fundamental frequency but reflects the desired higher har-

monic signal back into the gate of the device at an optimumAfter the optimal impedances (ZN1
and ZN2

) have been de-
termined, the impedances have to be synthesized in order to phase. The output reflector network passes the desired har-

monic while reflecting the fundamental frequency back intoconstruct a physical frequency doubler to evaluate the efficacy
of the results. In this analysis, the synthesis is performed us- the drain of the device at the proper phase angle for maximiz-

ing the conversion gain. Measured and simulated results areing microstrip transmission lines. Figures 48 and 49 show the
transmission response of the input network (short circuit at given to strengthen this design philosophy.

Reflector Networks. Numerous techniques exist for the re-the second harmonic) and the output network (short circuit
at the fundamental and open circuit at the third harmonic), alization of frequency multipliers. All techniques at radio fre-

quencies employ a nonlinear device to generate the desiredrespectively. The measured and simulated responses for �S21�

Figure 51. Harmonic suppression of
HEMT doubler using unified technique
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Figure 52. Conversion gain of HEMT dou-
bler using conventional design (Pin � 0
dBm, Vgs � �0.7 V, Vds � 3.0 V).
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frequency multiple. The basic configuration of the single- and �3 are fixed at a quarter wavelength of the fundamental
frequency and a quarter wavelength of the second harmonicended frequency multiplier realization is illustrated in Fig.

24. As mentioned previously, the input network allows the frequency, respectively.
Effect of Reflection Angle on Conversion Gain. Optimizationfundamental frequency to pass through to the gate of the

transistor, in a common source configuration, while sup- of the conversion gain of an HEMT (FHXLG) doubler can be
obtained by varying the reflection angles on both input andpressing higher harmonic frequencies. Similarly, the output

network suppresses the fundamental and other unwanted output, using �4 and �2, respectively. Computer analyses, sub-
stantiated by experimental measurements, show that conver-harmonics, while allowing the desired harmonic to pass. The

frequency multiplier reflector network design philosophy im- sion gain variation of over 20 dB and 27 dB result by changes
of �4 and �2, respectively. Maximum to minimum gain varia-plemented in this section is applied to an HEMT (Fujitsu

FHXLG) frequency doubler with a fundamental frequency of tions have been found to occur for �4, varying from 0 to �200�
and �2 varying from 0 to �180�.3 GHz.

As stated above, a primary objective of the output and in- Doubler Designs Based on Prior Analysis. It has been shown
that optimum multiplier designs in terms of conversion gainput networks is to suppress select harmonics. In the process

of suppressing the undesired signals, it appears that rela- can be developed. These designs are based on the proper syn-
thesis of input and output networks with the requisite trans-tively little attention is given the possibility that the un-

wanted signals can be reflected back into the device from the fer, input magnitude �ZIN2
� and phase �ZIN2

�. Narrow, medium,
and wideband designs have been demonstrated employinginput and output networks simultaneously. The nonlinearity

of the device causes these harmonics and the fundamental to this approach (157). Fig. 54 shows a wideband design em-
ploying this technique.mix with other frequency components. This mixing process

can either enhance or degrade the signal at the desired sec- Summary. This section has presented design techniques for
single-ended frequency multiplier designs. These techniquesond harmonic. Therefore, it is important for the reflected sig-

nal to be properly phased, such that it interferes construc- incorporate reflector networks providing excellent perfor-
mance characteristics, which includes effective conversiontively with the desired harmonic (second harmonic in the case

of the frequency doubler examples presented below). Thus, gain and harmonic suppression as demonstrated by the re-
sults. These results show the improvement in conversion gainthe input and output networks of Fig. 24 can be designed in

such a way that in addition to their primary function of filter- using reflector networks with proper phase angles on the in-
put and output network simultaneously, which are useful foring, they are reflector networks meeting the above criteria.

Due to the complexity in calculating the actual effects of the narrow band and wideband applications. Due to bandwidth
constraints imposed by the use of single stubs, incorporatingreflector networks, there has not been a significant amount of

analytical discussion on this topic until recently (157). filters into the designs achieves bandwidth extension and im-
proves harmonic suppression. This improvement in band-Consideration of Reflection Phase Angle. As stated, the input

and output networks of Fig. 24 should be designed such that width and harmonic suppression, however, comes at the ex-
pense of conversion gain, as shown by the wideband designs.they are reflector networks, in addition to their primary func-

tion of filtering. The reflector networks developed in this sec- Another advantage of these designs is that they are single-
ended, which alleviates the requirement for complex balunstion are analyzed on a frequency doubler with a fundamental

frequency of 3 GHz. For a frequency doubler, the input net- or transformers.
work of Fig. 24 should be designed to reflect the second har-
monic back into the gate of the HEMT at the proper phase
angle for constructive interference and optimum conversion
gain. Similarly, the output network is designed such that it
reflects the fundamental signal back into the drain of the
HEMT at the optimum phase. The network of Fig. 53 is a
logical choice for the output and input reflector functions de-
scribed above, although it is not optimal in the input case. In ZIN2

,   OUT(ZIN1
,   IN)

2(  4)

Γ Γ

1(  3) RL = 50(Rg = 50)

this figure, ZIN2
, �OUT, �1, �2, RL, and ZIN1

, �3, �4, Rg denote out-
put and input reflector networks, respectively (157), and �1 Figure 53. Fundamental output (input) reflector network.
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Figure 54. Wideband HEMT doubler de-
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