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Abstract.
A circuit topology for a frequency doubler consisting of a distributed amplifier working under nonlinear regime is analyzed analytically and characterized experimentally. Fullydistributed circuit topologies for the phase shifter used to realize the gate and drain artificial
transmission lines of the distributed amplifier are proposed. For these types of phase shifters,
it is shown that efficient rejection of the output odd harmonics is possible, but also low ripple
of the output power level on the output second harmonic is obtained. The proposed frequency
doubler has been designed for central input frequency equal to 5 GHz, and the designed circuit has been fabricated, too. The experimental conversion loss for the fabricated frequency
doubler is less than 4 dB and 7 dB, when the power level to the input is imposed to –1 dBm
and 5 dBm, respectively, while the input frequency is between 4 and 6 GHz.
Key-words: Frequency doubler, distributed topology, artificial transmission lines.

1.

Introduction

High frequency oscillators working on fundamental frequency make difficult to obtain good
performances related to the noise characteristics or frequency stability. This problem may be
overtaken if low frequency oscillators are used first, followed by frequency multipliers. Taking
into account the huge demand of broadband applications presently encountered in communications and measurement equipments, the broadband frequency multipliers are of important interest
in practice. Using Schottky diodes or transistors, hybrid or monolithically integrated broadband
frequency doublers have been designed and fabricated [1–5]. In particular, for a frequency doubler realized with GaAs Schottky diodes, conversion loss below 22 dB, for input power level of
18 dBm, is possible for output frequencies ranging from 50 to 110 GHz [1]. Conversion gain
is possible for low input power level between –30 and –15 dBm, if heterojunction bipolar transistors are used [2], when high rejection of the output fundamental harmonic up to 28 dB has
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been reported for frequencies up to 110 GHz. The Gilbert cell [3] may be also used to realize
frequency multipliers. In this case, similar performances as reported in [2] have been obtained in
[4] and [5], for frequencies up to 110 GHz and from 36 to 80 GHz, respectively.
A circuit topology for the frequency doubler, based on nonlinear distributed amplifier, has
been proposed in [6], while the experimental results obtained on this circuit have been reported
in [7]. In this paper, the analysis and design technique, as well as the simulation and experimental
results for the proposed frequency doubler are presented in more detail. The paper is organized
as follows. In Chapter 2, a description of the circuit topology for the proposed frequency doubler
is presented, followed by a nonlinear circuit analysis, where the expression for the magnitude of
the output voltage is developed analytically. It is shown that the magnitude of the output voltage
may be maximized, if a matching condition is fulfilled. The design method of the phase shifters
used to realize the gate and drain artificial transmission lines of the distributed amplifier is presented in Chapter 3, as well as a short description of the technological process used to fabricate
the frequency doubler. Distributed circuit topologies for the gate and drain phase shifters are proposed, showing that, in this case, the matching condition may be fulfilled over a large frequency
bandwidth. Chapter 4 presents simulation, as well as experimental results. A good agreement
between the two sets of results may be observed.

2.

Circuit description and analysis

The proposed frequency multiplier consists of a distributed amplifier working under nonlinear regime, and it has the equivalent circuit presented in Fig. 1a, where the simplified equivalent
circuit for the transistors shown in Fig. 1b has been assumed. The two coupled gate and drain
artificial lines are realized by cascading phase shifters having the phase shifts bg and bd , respectively. These phase shifts are computed at the frequencies fin and mfin , respectively, where
fin is the input working frequency, while mfin is the frequency on the m – th harmonic at the
output of the circuit (for a frequency doubler, m = 2). The characteristic impedance at the input
central frequency (let say, f0,in ) is Zc , the same impedance as all the four ports of the distributed
amplifier are working on.

Fig. 1. Schematic of the distributed frequency multiplier (a), where a simplified equivalent circuit of the
transistor has been used (b).
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The gate to source voltage for the k – th transistor may be written as vGS,k (t) = VGS +
vg,k (t), where VGS is the DC gate to source voltage (the same for all transistors) and vg,k (t) is
the AC gate to source voltage having the formula (see Fig. 1a): vg,k (t) = Vin · cos(ωt + kbg ),
where Vin is the amplitude of the input voltage, vin (t). On the other hand, the nonlinear drain
2
current may be written in a polynomial form as: iD,k (t) = a0 + a1 · vGS,k + a2 · vGS,k
+ a3 ·
3
vGS,k + . . . , where ap , p = 0, 1, 2 . . . , are real numbers. Taking into account the expression of
vGS,k , the nonlinear drain current results as a Fourier sum of harmonics, therefore: iD,k (t) =
P+∞
A0 + m=1 Am ·cos[m·(ωt+kbg )], where the DC value A0 and the amplitude of each harmonic,
Am , m = 1, 2 . . . , are real numbers which depend on VGS , Vin and ap .
The expression of the drain voltage amplitude, on the m – th harmonic, for the k – th transistor is:

(m)

Vd,k = −

k
n
Zc X  (m)
Zc X  (m)
·
·
Id,i · exp[−jbd (k − i)] −
Id,i · exp[−jbd (i − k)] , f ork < n
2 i=1
2
i=k+1
(1a)

or
(m)

Vd,n = −

k
Zc X  (m)
·
I
· exp[−jbd (n − i)] , for k = n
2 i=1 d,i

(1b)

were
(m)

Id,i = Am · exp[−j(bg m · i)]

(2)

is the amplitude of the drain current, on the m – th harmonic, for the i – th transistor,
i = 1, . . . , n.
The amplitude of the voltage to the output of the circuit, on the m – th harmonic, may be
(m)
(m)
written as: Vout = Vd,n · exp(−jbd ). Taking into account (1b), it is obtained

(m)
Vout


n 
 X
(m)
= −(Zc /2) · exp − jbd (n + 1) ·
Id,i · exp(jbd i) , or (with (2)) :


i=1

(m)

Vout



 sin n2 · (mbg − bd )
Zc
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· Am · exp − j
(mbg + bd ) ·
=−
2
2
1
sin 2 · (mbg − bd )


In particular, the formula for the magnitude of the output voltage on the second harmonic
may be obtained from the previous expression, for m = 2 . Therefore:
(2)

Vout =

A2 Zc sin[ n2 · (2bg − bd )]
·
2
sin[ 12 · (2bg − bd )]

(3)

Analyzing the expression (3), it is observed that the output voltage on the second harmonic
is maximized, if the following matching condition is fulfilled:
2bg = bd

(4)
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The power delivered by the k – th transistor, on the second harmonic, is PD,k = −(1/2) ·


∗ 
(2)
(2)
(2)
(2)
Re Vd,k · Id,k
, k = 1, . . . , n, where Vd,k and Id,k are given by (1a, b) and (2), respectively,
when h = 2 . If the matching condition(4) is fulfilled, using (1a) and (2), PD,k = Z4c · (A2 )2 ·

sin[2bg (n−k)]
k + cos[2bg (n − k + 1)] ·
, for k < n . In the same condition, using (1b) and (2),
sin 2bg
the power delivered by the n – th transistor is PD,k = Z4c · (A2 )2 · n. On the other hand, using (3)
and assuming that (4) is fulfilled, the power to the output of the circuit, on the second harmonic,
|V

(2) 2

|

out
= Z8c · (A2 )2 · n2 . If the phase shift bg is equal to zero or it is multiples of
is Pout = 2Z
c
180◦ , it is observed that PD,k = 2Pout /n, for any k = 1, . . . , n. This result is important from
practical point of view, showing that the transistors have equal contribution to the output power.
This property is available at the central input frequency only (i.e. at f0,in , when bg must be zero
or an integer number of 180◦ ). It must be noted that the sum of the powers delivered by the all
transistors is divided equally between Pout and the power dissipated in the load connected to the
other end of the drain artificial line (i.e. to the drain idle port).

3.

Design and technological fabrication of the frequency doubler

The frequency doubler have been designed for the input central frequency, f0,in = 5 GHz,
using MGF4941AL (Mitsubishi) InGaAS HEMTs and microstrip lines.
The nonlinear model used for the circuit simulation is presented in the first section of this
chapter, while the design of the gate and drain phase shifters is presented in the next section. The
last section of this chapter presents a short description of the fabrication process used to realize
the proposed frequency doubler.

3.1.

Nonlinear equivalent circuit used for the transistor modelling

The transistors used to design the frequency doubler have been modeled using the nonlinear
equivalent circuit proposed by Angelov [8]. For this model, the expression of the drain current
is:
Id = Ipk [1 + tanh(Ψ)] · (1 + λVd ) · tanh(αVd )
2
3
where Ψ = P1 Vgr + P2 Vgr
+ P3 Vgr
and Vgr = Vg + B1 (Vd − Vdb ) + B2 (Vd − Vdb )2 − Vpk ,
while Vg and Vd are the amplitude of the gate and drain voltages.
The current and the voltage at the peak transconductance, ( Ipk and Vpk , respectively), the
subthreshold voltage parameter (Vdb ), λ and α, as well as the coefficients P1 , P2 , P3 , B1 , B2 have
particular values such as to fit the DC characteristics of the transistor. For the transistor used to
realize the circuit, we have obtained [9]: Ipk = 20 mA, P1 = 4.2 , P2 = 0.3478 , P3 = 0.0105 ,
B1 = 0.04, B2 = 0, Vdb = 1V, Vpk = −0.11V, α = 4 and λ = 0.12.
For the design of the frequency doubler, the parameters of the unilateral equivalent circuit
shown in Fig. 2 have been found out in order to fit the small-signal scattering parameters up to
18 GHz, covering the first three output harmonics of the frequency doubler. The bias point has
been imposed for the drain current and drain voltage equal to 10 mA (the gate voltage is equal
to –0.3 V) and 1.5 V, respectively. The following values have been obtained: Cgs = 0.36pF,
Ri = 20Ω, Cds = 0.1pF, Rds = 1800Ω, τ = 0.006ns (gate-drain time delay), Lg = 0.58nH
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Fig. 2. Simplified unilateral equivalent circuit of the transistor used to design the frequency doubler.

Fig. 3. A comparison between the scattering parameters obtained for the proposed simplified unilateral
equivalent circuit and full equivalent circuit of the transistors used to design the frequency doubler.
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and Ld = 1.05nH. In Fig. 3, the scattering parameters calculated by means of this unilateral
model are compared to the values obtained by using a full equivalent circuit provided by the
transistors manufacturer, which fit accurately the experimental data. A good agreement between
both equivalent circuits is observed, for frequencies from 4 GHz, up to 18 GHz.

3.2.

Design of the gate and drain phase shifters

The gate and drain phase shifters have been designed as pass-band filters, therefore, the unwanted harmonics to the output of the frequency doubler may be filtered efficiently. Possible
circuit topology of the phase shifters based on lumped circuit elements is presented in Fig. 4a.
For working frequencies higher than few GHz, it is difficult to use lumped circuit elements. A
solution for this problem is to replace the series and parallel resonators by short and open ended
transmission line stubs, respectively, as it is shown in Fig. 4b, where all transmission lines have
the electrical length, θ = 180◦ computed at the central working frequency.
Because the short ended stub cannot be implemented in practice, based on Kuroda circuit
transformation, it is obtained the circuit presented in Fig. 4c (the transmission line section used
in Fig. 4a is to allow this circuit transformation), with:
Zcx = Zc1 + Zc , Zcy = Zc · Zcx /Zc1 and Zc =

p
Zc1 · Zc2

(5)

where Zc is the characteristic impedance of the circuit at the central working frequency.
For the frequency doubler presented in this paper, the gate and drain phase shifters are based
on the pass-band circuit topology presented in Fig. 4c. In particular, the gate and drain phase
shifters consist of only one or two such a cascaded circuit, respectively. Referring to the notations
used in the following, the electrical length of the transmission lines for the gate phase shifters is
θg = 180◦ , computed at the central working frequency f0,in , while the electrical length of the
transmission lines for the drain phase shifters is θd = 180◦ , computed at the central working
frequency 2f0,in . It may be shown that the expression for the phase shifts of the gate and drain
phase shifters, inside the pass-band frequency bandwidth, may be written
as bg = πfin /f0,in +A


and bd = 2πfin /f0,in + 2 · A, respectively, where A = sin−1 (Zc /Zc2 )tan(πfin /f0,in ) .
It is observed that the phase matching condition (4) is fulfilled for any input frequency inside
the operating frequency bandwidth. Moreover, due to the distributed circuit topology of these
phase shifters, the frequency behavior shows pass-band and stop-band filter characteristics on the
output even and odd harmonics, respectively. Therefore, excepting the output second harmonic,
the first and third output harmonics may be well filtered (the higher even output harmonics are
expected to have small power level due to the low-pass frequency behavior of the transistors).
It is also important to mention that the fabrication of the fully-distributed phase shifters needs
fewer technological steps compared to the fully-lumped or semi-lumped phase shifters.
It must be noted that for the proposed gate phase shifters, bg = π (or 180◦ ), computed at the
central input frequency f0,in . Therefore, at this frequency, each transistor has equal contribution
to the output power (see Chapter 2).
Using the fully-distributed based phase shifters described above, the schematic of the frequency doubler is presented in Fig. 5a. Imposing Zc = 50Ω and Zc2 = 60Ω, using the formulas
(5), Zcx = 92Ω and Zcy = 110Ω are obtained. For these circuit parameters, the expected input
frequency bandwidth of the frequency doubler is (2f0,in /π) · tan−1 (Zc2 /Zc ) ∼
= 2.8 GHz.
In order to avoid the coupling between the gate and drain artificial lines, the circuit shown in
/
/
Fig. 5a has been modified as it is presented in Fig. 5b, where the electrical lengths θg and θd
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are smaller than 180◦ and their values take into account the input and output capacitances of the
/
/
transistors [i.e. θg = θg − tan−1 (2πf0,in Cgs Zcy ) and θd = θd − tan−1 (4πf0,in Cds Zcy )]. It
may be demonstrated that the formula (3) used for the magnitude of the output voltage on the
second harmonic may be still used for this modified circuit.

Fig. 4. Circuit topologies which may be used to realize the gate and drain phase shifters: semi-lumped
topology (a) and fully-distributed topology, before (b) and after (c) the Kuroda circuit transformation is
applied.

Fig. 5. Schematics for the gate and drain artificial lines of the distributed frequency doubler: the circuit
topology obtained by using the proposed distributed phase shifter shown in Fig. 4c (a) and the modified
circuit topology used to avoid the coupling between the two artificial lines (b).

3.3.

Technological fabrication

The frequency doubler has been realized using 4 transistors (i.e. MGF4941AL) and microstrip lines, on RT/duroid 5870 substrate having the thickness equal to 0.508 mm. The fabrication process involved standard photolithographic process and wet eching to remove the copper
in excess. The photograph of the realized circuit is presented in Fig. 6. The overall area of the
realized frequency doubler is 8.3 × 5.2 cm2 . The SMA connectors have been used for all four
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ports of the circuit, and 50 Ω coaxial loads have been connected to the gate and drain idle ports.
Coupling capacitors have been used between the gate phase shifters, as well as before the all four
SMA connectors. The DC gate voltages (VGS,1 , . . . , VGS,4 ) may be tuned so that the same drain
currents may be obtained for the all four transistors, i.e. ID = 10 mA. All the transistors are
biased to the same drain to source voltage, VDS = 1.5V.

Fig. 6. Photo of the realized distributed frequency doubler (color online).

4.

Simulation and experimental results

For the frequency doubler presented in this paper, the output power level for the first three
harmonics versus the input frequency have been obtained by simulation and experiments, for
two input power levels equal to –1 dBm and 5 dBm. The simulations have been performed
by means of the MWO software packaging [10]. These results have been compared with the
experimental ones which have been obtained using a spectrum analyzer connected to the output
of the circuit (Anritsu MS2668C) and a signal generator connected to the input of the circuit
(Agilent E8257D).
The simulation and experimental results for the output power level on the second harmonic
versus the input frequency are presented in Fig. 7. It may be observed that for input frequencies
between 4 GHz and 6 GHz, the experimental values for the conversion loss on the second harmonic are less than 4 dB, for the input power level equal to –1 dBm, and less than 7 dB, for the
input power level of 5 dBm. Also, for input frequencies between 4 GHz and 6 GHz, the variation
of the power level on the output second harmonic is quite low.
The results obtained by simulation and experiments for the output power level of the first and
third harmonics versus the input frequency are shown graphically in Figs. 8 and 9, respectively,
for both –1 dBm and 5 dBm input power levels. As it may be observed, for input frequencies
ranging from 4 GHz to 6 GHz, as a result of the frequency behavior of the gate and drain phase
shifter, these harmonics are well filtered. In particular, analyzing the experimental results depicted in Figs. 8 and 9, for input frequencies between 4.5 and 5.5 GHz, the rejection of the
fundamental and third harmonics at the output is more than 30 dB, for both input power levels
of –1 dBm and 5 dBm. The values for the rejection of these harmonics decrease if the input
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frequencies bandwidth is extended from 4 GHz to 6 GHz, but it may be observed that for frequencies approaching the limits of this extended frequency bandwidth, the rejection of the first
and third output harmonics remains higher than 10 dB.

Fig. 7. Simulated and experimental power level for the output second harmonic versus the input frequency,
when the input power level is equal to -1 dBm (a) and 5 dBm (b) (color online).

Fig. 8. Simulated and experimental power level for the output first harmonic versus the input frequency,
when the input power level is equal to –1 dBm (a) and 5 dBm (b) (color online).

For the input frequency equal to 5.6 GHz, the simulation and experimental results for the
conversion loss versus the input power level are shown in Fig. 10. Taking into account the
experimental values, as it may be observed from this figure, low values for the conversion losses,
even less than 1 dB, are possible for the input power level between 5 dBm and 9 dBm.
Fig. 11 presents the simulation and experimental results for the input and output magnitudes
of small-signal S11 and S22 in dB, respectively. The experimental values have been obtained
using a scalar network analyzer. It is observed a good agreement between the simulation and
experimental results. The experimental input and output return losses are better than 10 dB, for
input frequencies from 4 to 6 GHz (in Fig. 11b, the magnitude of S22 is shown versus the second
harmonic frequency).

340

S. Simion, G. Bartolucci

Fig. 9. Simulated and experimental power level for the output third harmonic versus the input frequency,
when the input power level is equal to – 1 dBm (a) and 5 dBm (b) (color online).

Fig. 10. Simulated and experimental conversion loss versus the input power, when the input frequency is
equal to 5.6 GHz (color online).

Fig. 11. Simulated and experimental small-signal magnitudes of S11 (a) and S22 (b) (color online).
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Conclusions

A circuit topology of a frequency doubler based on nonlinear distributed amplifier is proposed, analyzed and characterized experimentally. The gate and drain artificial transmission
lines are realized using fully-distributed phase shifters. It has been shown that for the proposed
circuit topologies of the gate and drain phase shifters, the odd output harmonics are well filtered.
The experimental results for the first three output harmonics have been compared to the simulation ones, showing a good agreement between them.
Acknowledgements. The authors thank to dr. eng. S. Iordanescu from IMT Bucharest, for
his support concerning the experimental characterization of the frequency doubler.
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