
International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper
Cite this article: Ali FM (2024) Design of a
pHEMT RF mixer based on compact
microstrip diplexer. International Journal of
Microwave and Wireless Technologies 16(9),
1597–1608. https://doi.org/10.1017/
S1759078724000916

Received: 28 March 2024
Revised: 21 August 2024
Accepted: 26 August 2024

Keywords:
active mixer; conversion gain; diplexer;
pHEMT; RF/LO isolation

Email: firas.m.ali@uotechnology.edu.iq

© The Author(s), 2024. Published by
Cambridge University Press in association
with The European Microwave Association.
This is an Open Access article, distributed
under the terms of the Creative Commons
Attribution licence (http://creativecommons.
org/licenses/by/4.0), which permits
unrestricted re-use, distribution and
reproduction, provided the original article is
properly cited.

Design of a pHEMT RF mixer based on
compact microstrip diplexer

Firas M. Ali, PhD

Department of Electrical Engineering, University of Technology-Iraq, Baghdad, Iraq

Abstract
This paper presents a new topology for a microwave active mixer using compact microstrip
diplexer constituted from two dual-mode open loop resonators. The resonators are tuned to
the radio frequency (RF) and local-oscillator (LO) frequencies, respectively, to effectively iso-
late the two input signals, while the diplexer output port is connected to the gate circuit of a
commercial low cost GaAs pHEMT transistor. The drain circuit of the active device is con-
nected to the load via an intermediate-frequency (IF)-modified Chebyshev low-pass filter to
remove the unwanted RF and LO signals and reduce other spurious frequencies at the output
of the mixer circuit. The circuit has been designed and constructed for an RF of 850 MHz, LO
frequency of 1050 MHz, and an IF of 200 MHz. Experimental measurements show that the
circuit provides a conversion gain of 18 dB at LO drive power of +2 dBm. It also operates sat-
isfactorily over the RF range from 800 to 900 MHz with good image frequency rejection and
stable operation.

Introduction

Radio frequency (RF)/microwave active mixers are widely used in modern wireless commu-
nication systems as down-converters to transform the high frequencies of radio signals into
intermediate frequencies (IFs) with providing some conversion gain that can minimize the
overall noise figure of the receiver. The desired characteristics of active mixers involve high
conversion gain, high isolation between RF and local-oscillator (LO) signals, image rejection
capability, suppression of intermodulation (IM)-product frequencies, low spurious signals, and
high stability of operation. Single-ended transistor mixers offer some advantages when com-
pared with singly balanced [1], doubly balanced [2], or Gilbert-cell [3] mixers in terms of
simplicity of design and low power consumption. However, themain design challenge in single-
ended transistor mixers is the isolation between the RF and LO signals. A simple technique that
can be used for isolating the two signals is by inserting a small-value capacitor in the LO signal
path to present high impedance [4]. However, this method causes impedance mismatching at
the LO port and thereby a considerable loss in the LO drive power. Directional couplers and
power combiners can also be used to combine RF and LO signals where the output port of the
coupler is connected to the input of the active device [5–7].Themain limitation of this technique
is the significant power loss in the coupler circuit and the requirement of broadband coupler
operation to cover both the RF and LO frequency bands.

Single-ended Field Effect Transistor (FET) mixers are commonly used to achieve good con-
version gain, acceptable dynamic range, moderate noise figure, low power consumption, and
simplicity of design.TheLO large signal required for the nonlinear operation of the active device
can be injected from the gate, drain, or source terminals [8]. Gate pumped (or gate injected) FET
mixers are the most widely used among the other types. The mixing process occurs when the
LO signal modulates (or changes) the conductance of the channel, resulting in a time varying
FET transconductance. Drain-pumped mixers are also used to improve the isolation between
the RF and LO ports and reduce the intermodulation distortion [9, 10]. The mixing process is
performed partly by the nonlinear drain-to-source resistance and partly by the transistor vary-
ing transconductance. The main limitation of drain pumped mixers is the low conversion gain.
Similarly, source-pumped mixers can be used with comparable performance to that of gate-
pumped mixers [11]. However, placing the source of the FET above the RF ground may cause
stability problems and leads to low-frequency oscillations.

In this paper, a gate-pumped RF mixer circuit using GaAs pHEMT microwave transistor
has been designed, simulated, and tested for an RF range from 800 to 900 MHz with an IF
of 200 MHz. The RF and LO signals are supplied through a compact diplexer filter imple-
mented by means of two dual-mode microstrip resonators to ensure low LO power loss and
adequate LO/RF isolation over the specified frequency rangewith high suppression of the image
frequencies.
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Figure 1. Block diagram of the proposed pHEMT mixer.

Analysis of the proposed RF mixer

The desired RF mixer is based on a GaAs pHEMT transistor.
Pseudomorphic high electronmobility transistor offers high power
gain, low noise figure, good linearity, small chip size, high transi-
tion frequency, lowpower consumption, and broadbandoperation.
The mixer circuit is integrated with a diplexer filter as depicted
in Fig. 1.

The diplexer circuit consists of two microstrip bandpass filters
tuned at the center frequencies of the RF and LO signals, respec-
tively. The input matching circuit produces minimum reflected
power at both the RF and LO frequencies. At the same time, the
image and IFs are short-circuited by the diplexer filter. The output
filter connected to the drain circuit of the GaAs pHEMT passes the
IF signal while suppressing the RF and LO signals.

The LOdrive signalmodulates the channel of theGaAs pHEMT
transistor, resulting in a time varying transconductance gm(t) that
can be expressed as

gm(t) = gm0 +
∞

∑
n=1

gmn. cos(2𝜋nfLOt) (1)

where gm0 is the average value of the device transconductance, gmn
is the nth harmonic component of gm, and fLO is the frequency of
the LO signal.

The FET is usually biased near threshold to maximize the fun-
damental component of the device nonlinear transconductance,
and thereby to increase the conversion gain [12]. If the gate LO
signal is sinusoidal then the transconductance will take a semi-half
sinusoidal shape:

gm(t) =
gmax
𝜋 +

gmax
2 cos(2𝜋fLOt) +

2gmax
3𝜋 cos(4𝜋fLOt)

−
2gmax
15𝜋 cos(8𝜋fLOt)+ (2)

where gmax is the maximum value of the transconductance at
saturation drain current.

It seems from equation (2) that the DC component of the
transconductance is gmax/π, and the fundamental component gm1
is equal to gmax/2.The transconductance of theATF-34143 pHEMT

Figure 2. Simulated transconductance versus gate voltage.

is displayed versus gate–source voltage in Fig. 2 by means of
Keysight’s Advanced Design System (ADS) DC simulation. The
maximum transconductance value is about 250 mS at a drain
saturation current of 150 mA, and drain–source voltage of 3 V.

A simplified intrinsic equivalent circuit model of the pHEMT
is shown in Fig. 3 [13], which is supplied with an RF input signal.
It is assumed that YL presents short-circuit for the RF signal and
a conjugately matched impedance at the IF, while ZS is optimally
matched with the input impedance of the transistor at the RF. If
the drain is short-circuited at the RF by the IF filter, then the input
admittance Yin will be

Yin =
j𝜔RFCgs

1 + j𝜔RFCgsRgs
+ j𝜔RFCgd (3)

The gate–drain capacitance Cgd is small when compared with
Cgs and can be ignored. Therefore, the input impedance of the RF
transistor can be approximated by the series combination of Rgs
and Cgs.

The RF input signal can by expressed by

vRF(t) = VRF. cos(2𝜋fRFt) (4)

where VRF is the amplitude of the RF input signal.
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Figure 3. Simplified equivalent pHEMT circuit for the RF input signal [13].

To achieve conjugate matching at the gate of the transistor for
the RF signal, the real part of the source impedance Re[ZS] should
be equal to the gate–source charging resistanceRgs, while the imag-
inary part Im[ZS]must be inductive to resonatewithCgs.Therefore,
the gate input RF current is estimated from

iin(t) = VRF
2Rgs

. cos(2𝜋fRFt) (5)

The available RF input power is calculated from

PRF = VRF
2

8Rgs
(6)

The drain current is obtained from

iD(t) = gm(t).vgs′(t) (7)

where vgs
′(t) is the voltage across the intrinsic gate capacitanceCgs.

It can be obtained from the multiplication of the gate current with
the reactance of Cgs:

vgs′(t) = VRF
2𝜔RFCgsRgs

. cos(2𝜋fRFt) (8)

Substituting equations (2) and (8) in equation (7) and taking the
IF component (fLO-fRF) only, the drain IF current can be expressed
by

iIF(t) =
VRF.gmax
8𝜔RFCgsRgs

. cos(2𝜋(fLO − fRF)t) (9)

In order to maximize the conversion gain, the load admittance
YL is set to be conjugately-matched with the output admittance of
the pHEMT. Hence, the drain–source capacitance Cds is compen-
sated by the parallel inductance of the load impedance at the IF,
while RL is set equal to Rds and therefore the parallel combination
of Rds with RL becomes equal to RL/2. The load power at the IF is
therefore calculated from

PIF = 1
2 IIF

2.(RL/2) =
VRF

2.gmax
2

256𝜔RF
2Cgs

2Rgs
2 .RL (10)

where IIF is the amplitude of the drain IF current signal. The con-
version gain of themixer can be obtained by dividing equation (10)
by (6):

Gc = PIF
PRF

= 1
32 .(

gmax
2𝜋fRFCgs

)
2

. RL
Rgs

(11)

Equation (11) reveals that the conversion gain is proportional
to the squared value of the maximum transconductance of the

Figure 4. Structure of the proposed dual mode resonator.

active device.Themaximum transconductance is obtained by driv-
ing the gate of the pHEMT with an adequate LO power. It is
important to indicate that equation (11) is a rough estimate for the
conversion gain. More accurate relations can be obtained by tak-
ing the extrinsic parasitic elements of the transistor into account
together with the nonlinear elements of the large-signal pHEMT
model.

Design and construction of the compact diplexer

In addition to isolating the RF and LO signals, the diplexer can
significantly attenuate the image frequencies at the input of the
mixer circuit. The proposed microstrip diplexer is based on two
dual-mode resonators that are tuned at the RF and LO frequencies,
respectively. A transmission line loaded with lumped capacitors
at both of its ends can produce a compact resonator with wide
stop-band characteristic when the lumped capacitors are replaced
with folded open stubs [14]. If this improved resonator is loaded
in its mid-point with a short-circuited stub then a dual-mode res-
onator can be obtained with enhanced selectivity and adjustable
passband response [15]. The layout of the resulting resonator is
sketched in Fig. 4.The line sections L1, L2, and L3 constitute a quasi
λg/4 short-circuited resonator at eachmode, where λg is the guided
wavelength.
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Figure 5. Equivalent microstrip structures for evaluating the odd- and even-mode
impedances.

Odd/even-mode analysis can be used to evaluate the reso-
nance frequencies in each mode for such a symmetrical configu-
ration [16]. The equivalent odd-mode impedance can be obtained
when there is a voltage null (short-circuit) at the plane of sym-
metry as shown in Fig. 5(a). On the other hand, the equivalent
even-mode impedance is evaluated when there is no current flow
(open circuit) at the bisection line of the resonator as indicated in
Fig. 5(b).

The odd-mode input impedance for the structure of Fig. 5(a) is
given by

Zin,odd = jZ1
Z1 tan(𝜃1) + Z2 tan(𝜃2)
Z1 − Z2 tan(𝜃1). tan(𝜃2)

(12)

where Z1 is the characteristic impedance of L1, Z2 is the character-
istic impedance of line L2, 𝜃1 = 𝛽L1, and 𝜃2 = 𝛽L2 are the electric
lengths of L1 and L2, respectively.

At resonance, Zin,odd = ∞ and therefore we have

tan(𝜃1). tan(𝜃2) = Z1
Z2

(13)

To simplify the analysis, we assume intentionally that the line
widthsW1 andW2 are equal to each other, so that Z1 = Z2. In this
case, the structure behaves as a 𝜆g/4 uniform impedance resonator
(UIR).

tan(𝜃1). tan(𝜃2) = 1 (14)

From trigonometry, it can be shown that when
tan(𝜃1).tan(𝜃2) = 1 then

𝜃1 + 𝜃2 = 𝜋/2 (15)

Figure 6. Simulated insertion loss of the resonator with three different values of L3.

Converting electric lengths to their equivalent physical lengths,
we can write

L1 + L2 = 𝜆g/4 (16)

The odd-mode resonant frequency is therefore given by

fodd = c
4(L1 + L2)

√𝜀eff
(17)

where c is the speed of light in free-space, and 𝜀eff represents the
effective dielectric constant of the substrate.

It is clear from equation (17) that the odd-mode resonant
frequency is independent on the length of the short-circuited
line L3.

Similarly, to simplify the even-mode analysis we assume that
W1 = W2 andW3 = 2W2 (or Z3 = Z2/2) and hence the line sec-
tions L1, L2, and L3 constitute a short-circuited 𝜆g/4 UIR at the
even-mode frequency. Therefore

L1 + L2 + L3 = 𝜆g/4 (18)

The even-mode resonant frequency is thereby evaluated from

feven = c
4(L1 + L2 + L3)

√𝜀eff
(19)

It can be noticed from equation (19) that the even-mode res-
onance frequency is less than the odd-mode resonance frequency,
and this difference is dependent on the length of the short-circuited
line L3.

The response of the resonator has been simulated by means of
ADS Keysight’s software to evaluate the odd- and even-mode res-
onant frequencies using Rogers RO4350B substrate with thickness
h = 1.524 mm, dielectric constant 𝜀r = 3.66, coductor thick-
ness of 35 μm, and dielectric loss tangent of 0.003. The resonator
dimensions are selected such that W1 = 3.3 mm, W2 = 1.5 mm,
W3 = 3 mm, g = 3 mm, L1 = 8 mm, L2 = 37.5 mm, and L3 is
adjusted between 6 and 10 mm to show the deviation between fodd
and feven. The resonator is excited by two capacitively coupled lines
that are placed in parallel to its vertical sides of the line section L2
with space distance of 0.3 mm. Figure 6 shows the insertion loss,
S21, versus frequency for three values of the perturbation element
L3. It can be noticed that fodd is fixed at 900 MHz, while feven is
reduced by the increase in L3. This behavior is predicted by the
derived equations (17) and (19). We note also that the selectivity
of the resonator can be varied by the change of the shorted-stub
length L3.

https://doi.org/10.1017/S1759078724000916 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078724000916


International Journal of Microwave and Wireless Technologies 1601

Figure 7. Layout of the designed microstrip diplexer (All dimensions are in mm).

Figure 8. Photograph showing the fabricated microstrip diplexer.

Figure 9. The simulated and measured insertion losses of the diplexer filters.

The proposed diplexer consists of two dual-mode resonators
tuned at center frequencies of 850 and 1050 MHz, representing
the RF and LO center frequencies, respectively.The two resonators
are capacitively coupled together to a common input port via two
thin coupled lines that are branched from a 50 Ω feeding line. This
technique permits the avoidance of a T-junction splitter, thereby
reducing the overall size of the diplexer. The coupled lines also
provide DC current blocking when cascading the diplexer with
the transistor mixer circuit. In order to provide an operating RF
bandwidth from 800 to 900 MHz, the coupling lengths of the

Figure 10. Input return-losses at ports 2 and 3 versus frequency.

Figure 11. Isolation between the RF and LO ports versus frequency.

feeding lines at the three ports are slightly increased as shown
in Fig. 7. The lengths of the short-circuited stubs in both res-
onators are reduced to improve the insertion losses and adjust
the filters’ selectivity. When L3 is minimized, the even mode res-
onant frequency of each resonator will be close to the odd-mode
frequency as illustrated in equations (17) and (19). Besides, two
open-circuited stubs are inserted at the feeding ports 2 and 3.These
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Table 1. Performance comparison of the proposed diplexer with other pub-
lished works

Reference
f 1/f 2
(GHz)

IL1/IL2
(dB) FBW (%)

Isolation
(dB)

Size
(𝜆g × 𝜆g)

[17] 1.57/3.5 1.8/1.6 9.3/10.47 >40 0.30 × 0.15

[18] 4.3/8.75 2.3/3.0 50/51.4 >25 0.52 × 0.25

[19] 3.45/5.8 1.2/1.3 4.1/3.6 >40 0.42 × 0.157

[20] 2.41/3.61 1.46/2.15 6.7/3.6 >38 0.66 × 0.15

[21] 2/2.4 1.39/1.84 13.2/7.6 >38 0.34 × 0.27

[22] 2.3/3 2/2.3 10/9 >45 0.44 × 0.38

[23] 2.2/2.6 1.6/1 4.55/5 >30 0.6 × 0.42

This work 0.85/1.05 0.7/0.77 11.7/13.3 >23 0.26 × 0.15

Figure 12. Simulated insertion and return losses of the IF filter.

stubs act as quasi 𝜆g/4 transmission lines at the harmonic frequen-
cies for each filter to suppress the spurious response and improve
the rejection band. The dimensions of the diplexer structure are
optimized using the momentum electromagnetic (EM) simulator
of ADS.The optimized layout of the diplexer is presented in Fig. 7.
The proposed diplexer offers a simple and easy to designmicrostrip
structure.

A prototypemodel for the diplexer has been fabricated based on
Rogers RO4350B substrate and is depicted in Fig. 8.The overall size
of the implemented diplexer is 54.5mm× 31.6mm, corresponding
to 0.26 𝜆g × 0.15 𝜆g where 𝜆g is measured at 850 MHz. The circuit
is simulated using ADS software of Keysight and then tested exper-
imentally with the aid of the Anritsu MS4642A network analyzer.
Figure 9 shows the measured insertion loss response of the filters
compared with the simulated performance.

It can be shown that the RF and LO filters produce low inser-
tion losses in their passband regions. At the RF center frequency
of 850 MHz, the measured insertion loss S21 is −0.7 dB, while
the insertion loss S31 of the LO filter is −0.774 dB at an LO fre-
quency of 1050 MHz. The 3 dB bandwidth of the RF band is
about 100 MHz (11.7% fractional bandwidth), ranging approxi-
mately from 800 to 900 MHz. On the other hand, the 3-dB cutoff
frequencies at the LO band are 982 and 1122 MHz, respectively,
producing a bandwidth of 140MHz (13.3% fractional bandwidth).
The slight increase in the operating bandwidths of the diplexer fil-
ters for the practical response over the simulated response may be
referred to the increase in the effective length of the shorted stubs
due to the soldering process of the VIA pads. Transmission zeros

are also noticed near the spurious bands due to the effect of the
added 𝜆g/4 stubs in the feeding ports of the filters. The return loss
responses of the diplexer filters are sketched in Fig. 10. The mea-
sured input reflection coefficient S22 for the RF-band filter at port 2
is less than −17 dB, while its value is less than −12 dB at port 3 for
the LO-band. It is also clear from Fig. 10 that each dual-mode res-
onator provides a two-pole (second order) filter response. Finally,
the isolation between ports 2 and 3 is presented in Fig. 11.Themea-
sured diplexer isolation between the RF and LO ports is better than
23 dB across the frequency bands of interest. The reduction in the
measured isolation when compared with the simulated response is
referred to the slight increase in the operating bandwidths of the
RF and LO filters.

The performance characteristics of the designed diplexer are
compared in Table 1 with some other published works, showing
competitive parameters in terms of low insertion loss, moderate
fractional bandwidth, and small circuit size.

Design of the mixer circuit

The design of the active mixer circuit begins by selecting an appro-
priate RF transistor and characterizing its DC and RF behaviors.
The GaAs pHEMT low cost transistor ATF-34143 of Broadcom
is selected to implement the mixer circuit. In order to sustain
RF and LO signals suppression at the output port of the mixer
while passing the IF signal at 200 MHz, a low-pass filter with cut-
off frequency of 300 MHz has been designed for this purpose.
The Chebyshev table for a prototype filter is used to evaluate
the values of filter lumped elements. However, in order to sup-
press the RF and LO signals, lumped inductors are added in
series with the capacitors in the shunt arms to constitute series
resonant circuits at the specified frequencies. This results in a
quasi-elliptic filter response and an improved rejection for the RF
and LO signals as shown in the simulated response of the filter in
Fig. 12.

In order to test the stability of the circuit at the RF, the pHEMT
has been terminated at its output with the designed IF filter and
the device is biased near threshold with a drain current of 20 mA
and drain voltage of 3 V. There is no meaningful mathemati-
cal criterion to test the stability of nonlinear microwave circuits
[8]. However, conventional S-parameter theory for RF amplifier
stability criterion can be employed to investigate the stability of
active mixers [24]. Large signal S-parameter simulation can be
carried out to evaluate the stability factor, K, versus input signal
level.

There are two techniques that can be adopted to increase the
stability factor. The choice between them is dependent on the spe-
cific application.The first one, which is the simpler to implement, is
performed by adding series gate resistance at the device input.This
may be adequate for increasing the stability factor by raising the
overall resistive part of the input impedance at the expense of some
reduction in power gain and degradation in noise figure. The opti-
mum value of the gate resistance can be found through computer
simulation. The other technique is done through source degener-
ation by connecting a resistance or an inductance at the source of
the FET.This technique can also improve the linearity of the circuit
when used as an amplifier in addition to improving the stability.
However, the power gain may be significantly degraded in this
case. The advantage of this method is lower effect on noise figure,
particularly when source inductance is used. The practical imple-
mentation is somewhat more difficult especially when the source
of the RF transistor is connected to the case in grounded source

https://doi.org/10.1017/S1759078724000916 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078724000916


International Journal of Microwave and Wireless Technologies 1603

Figure 13. Test circuit for evaluating the stability factor and input impedance.

Figure 14. Stability factor versus input RF drive level for two values of stability
resistor.

Figure 15. Large signal pHEMT input impedance versus input power at the RF.

packages. Source degeneration is more common in RF integrated
circuit mixers.

In this design, we have selected the simple gate resistance stabi-
lizing method. Therefore, a stability resistor is inserted at the gate

Figure 16. Stability factor versus input RF power for a degeneration source
inductance of 10 nH.

Figure 17. Input impedance versus input RF power for a source inductance of
10 nH.

circuit to improve the stability factor and prevent any tendency
toward oscillation. The schematic of the test circuit is depicted
in Fig. 13. Since the pHEMT has high power gain in the very
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Figure 18. Schematic diagram for the designed RF mixer circuit.

Figure 19. Simulated drain current waveform of the mixer circuit with LO drive
level of 0 dBm and RF power of − 10 dBm.

high frequency (VHF) band, there is no need to design a match-
ing network at the IF and therefore the filter circuit is cascaded
directly with the drain terminal of the active device. The series
resonator C1-L1 acts as a trap for the RF signal, while C3-L3 pro-
vides a ground path for the LO signal. The circuit is simulated
with an RF of 850 MHz and input power sweep from −25 to
+10 dBm with the aid of the manufacturer’s pHEMT nonlinear
ADS model.

The simulated stability factor of the circuit is sketched in Fig. 14.
It can be seen that the transistor is potentially unstable when there

is no stability resistance in the gate circuit. However, the stability of
the circuit can be improved by increasing the stability resistorRst to
values above 39 Ω. Additional advantage of the stability resistance
is to raise the real part of the gate input impedance which simplifies
the design of the input matching circuit of the mixer at both the
RF and LO frequencies. Figure 15 presents the large signal input
impedance, Zin = Rin + jX in, of the transistor circuit versus input
signal level at 850 MHz for a stability resistance of 39 Ω. It can be
observed also from this figure the variation of the input impedance
for input power values greater than −10 dBm due to the nonlin-
ear effects of the transistor’s gate–source capacitance and resistance
[25].

For the sake of comparison between the series gate resistance
stabilizing technique and the source degeneration technique, a
source inductance (Ls) of 10 nH has been inserted in each source
lead of the FET device in the circuit of Fig. 13 after omitting the
stability resistance Rst. The simulation result presented in Fig. 16
shows an improvement in the stability factor to a value of 1, while
greatly increasing the magnitude of the device’s input impedance
because of the developed negative feedback as illustrated in Fig. 17.
This increase in the real and imaginary parts of Zin will make the
design of themixer’s inputmatching circuitmore complicated. Any
further increase in the source inductance has no noticeable effect
on K while increasing the device’s input impedance to higher lev-
els.On the other hand, the addition of a series gate resistancemakes
the input matching circuit very simple.

Based on the evaluated input impedance in Fig. 15 at the
desired RF, the input matching network of the mixer circuit is ini-
tially designed graphically with the aid of Smith chart and then is
optimized using ADS. It consists of a series inductance of 27 nH
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Figure 20. Simulated output signal in time domain (a) and frequency domain (b).

Figure 21. Constructed active mixer circuit (a) and its test-setup (b).

and another shunt inductance of 47 nH to tune out the input capac-
itance of the active device for a specific frequency range.The shunt
inductor can be used to supply the gate bias voltage for the pHEMT
device. The mixer circuit has been integrated with the microstrip
diplexer as depicted in Fig. 18. Note that there is no need to connect
a coupling capacitor between the diplexer and the transistor circuit
since the output port of the diplexer is coupled to the resonators via
parallel coupled lines. The LO and RF signals are directly coupled
to the diplexer input ports as illustrated in Fig. 18.

The mixer circuit has been simulated using the ADS co-
simulation capabilities by first evaluating the performance of the

Figure 22. Conversion gain versus LO power.

microstrip diplexer using EMmomentum simulator and then inte-
grating it with schematic of the circuit as an external component.
The final circuit is simulated by means of the harmonic-balance
algorithm. Figure 19 presents the drain current waveform for an
RF signal frequency of 850 MHz, RF input power of −10 dBm,
LO signal frequency of 1050 MHz, and LO drive power of 0 dBm.
The pHEMT is biased with a drain current of 20 mA. It is clear
from the figure that the LO power is quite enough to modulate the
transconductance of the FET, resulting in the mixing process. The
envelope of the RF current signal follows the IF with a period of 5
ns. Since the device is biased close to the threshold point (class-AB
biasing), then the negative current peaks are clipped off. As the LO
power is increased, the peak values of the drain signal current are
increased, causing an increase in the drain current DC component
and conversion gain. When the LO signal level is raised to a higher
level, this may cause clipping in the positive peaks of the drain cur-
rent due to device saturation, resulting in a reduction in the output
IF power and conversion gain. The output IF signal and its spec-
trum are sketched in Fig. 20. The output waveform approaches the
sinusoidal shape due to the filtering effect of the output IF filter
in suppressing the spurious frequency components. As shown in
Fig. 20(b), the output IF signal level is about +9.5 dBm with an
input RF level of −10 dBm, revealing a conversion gain of 19.5 dB.
It is noticed also that the IM-product frequencies are significantly
rejected by the IF filter. The RF and LO signals are attenuated by
more than 85 dB below the IF signal due to the elliptic stop-band
characteristic of the filter. The closest frequency component to the
desired IF signal is the second harmonic of the IF signal (2fIF) with
a frequency of 400 MHz and power level of about 40 dB below the
fundamental IF component.

Mixer circuit construction and performance results

The GaAs pHEMT mixer circuit and the microstrip diplexer were
both integrated on the same substrate as depicted in Fig. 21(a).
Both SMD components and wire-wound inductors were used to
implement the passive elements of the circuit.The values of wound
inductors of the output IF filter were measured by means of a vec-
tor network analyzer at the desired VHF range before fixing them
in the circuit board. Wire-wound inductors are preferred over
microstrip lines in VHFs due to conservation in size. Chip induc-
tors can also be used for lower size but the wire-wound inductors
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Figure 23. Drain DC current component versus drive LO power.

Figure 24. Variation of conversion gain with RF input power for a fixed LO power of
2 dBm.

Figure 25. Output IF power versus input RF power for an LO power of 2 dBm.

can withstand more RF power. Additional bypass and decoupling
capacitors were used to isolate the DC power supplies from the
RF circuit and to prevent parasitic oscillations. The measurement
setup of the mixer circuit is shown in Fig. 21(b), consisting of two
RF signal generators and a spectrum analyzer.

The LO drive power PLO has been swept to evaluate the mixer
performance, keeping the input RF power constant at −20 dBm.
The simulated and measured conversion gains against LO drive

Figure 26. Conversion gain versus frequency.

Figure 27. Image signal level versus frequency.

power are displayed on the same plot in Fig. 22, where the RF
input signal power is maintained at −20 dBm while the RF sig-
nal frequency is set at 850 MHz, and the LO frequency is fixed
at 1050 MHz. The peak value of the simulated conversion gain is
about 21 dB and occurs at LO power of approximately +2 dBm.
On the other hand, it seems that the measured conversion gain is
lower than the simulated gain with the peak gain point is shifted
to a drive LO power of +5 dBm at which the conversion gain is
about 18.5 dB. This may be referred to the mismatch loss in the
LO matching circuit and the deviation in practical components
from the ideal calculated values. With further increase in LO input
power, the conversion gain reduces again due to device saturation.
Figure 23 presents the variation of the DC component of the drain
current with input LO drive level. At low drive power, the average
value of the drain current is about 20 mA and is equal to the quies-
cent current value. However, at large drive signal levels the average
drain current increases rapidly due to the increase in the ampli-
tude of the drain current signal, where the negative half cycle is
clipped out because of device pinch-off. It is noticed that the mea-
sured average drain current is less than the simulated current due
to lower IF output power and lowermeasured conversion gain.The
measured average drain current is about 55 mA at LO drive power
of +2 dBm, revealing a drain consumed DC power of 165 mW.

The RF input power PRF is also swept from −30 to+5 dBmwith
constant LO drive power of +2 dBm. Figure 24 presents the vari-
ation of conversion gain against RF input power. The small signal
measured conversion gain is 18 dB when compared with a value of
21 dB for the simulated gain. As the RF power is being increased,
the conversion gain compresses due to nonlinear device opera-
tion. The measured input RF power for 1-dB gain compression
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Table 2. Comparison of the proposed mixer performance with other published works

Reference Technology Mixer type RF (GHz) RF/LO isolation Conversion gain (dB) PLO (dBm) PD (mW)

[4] GaN HEMT Gate pumped 0.25 Poor 6 −10 110

[5] SiGe HBT Base injected 2.4 Good (narrow-band) 10 −10 21

[6, 7] SiGe HBT Base injected 26 Good (narrow-band) −11 +10 36

[9] GaN HEMT Drain pumped 3.7 Moderate 10 +20 87

[10] GaAs HJ-FET Drain pumped 24 Moderate 2 +4 18

[11] GaAs HJ-FET Source pumped 2.4 Poor 12 +26 27

This Work GaAs pHEMT Gate pumped 0.85 Good(broad-band) 18 +2 165

point is about −8 dBm. In Fig. 25, the output IF power is sketched
against inputRFpower.After inputRFpower of −8 dBm, the device
behavior becomes nonlinear, causing compression and saturation
in output IF power.

In Fig. 26, the conversion gain of themixer circuit has been eval-
uated over an RF range from 800 to 900 MHz, keeping the IF at
200 MHz by adjusting the LO frequency. The LO drive power is
maintained at 2 dBm, and the RF input power is set to −20 dBm. It
can be shown that there is a difference between simulated andmea-
sured gain values.This change is referred to the parasitic elements,
tolerances in component values, imperfections of fabrication, mis-
match losses, coupling losses, and deviation between the ADS and
actual physical pHEMTdevicemodels.The significant reduction in
the conversion gain at the lower band edge is due to the relatively
higher insertion loss of the RF diplexer filter in these frequencies as
depicted in Fig. 9. However, the circuit has proved to operate with
good stability, good reduction of LO’s signal at the output, and good
isolation between the LO and RF input signals due to the filtering
effect of the microstrip diplexer.

Finally, the rejection capability of the mixer circuit to image
frequencies is tested by entering signals with image frequencies
corresponding to each RF shown in Fig. 26 and according to the
following relation:

fIM = fRF + 2fIF (20)

At each image frequency, an input signal with level of −20 dBm
is supplied to themixer RF input port, and the output signal level is
measured by means of a spectrum analyzer. Figure 27 presents the
image signal level compared to the actual IF signal power against
image frequency, showing a reduction of greater than 25 dB.

Table 2 presents a generalized comparison of the overall mixer
performance metrics with other recently published works on
single-ended activemixers. As indicated in this table, the proposed
mixer circuit provides good isolation of better than 23 dB across
a broad range of frequencies (see Fig. 11). Some other works use
Wilkinson [5] or rat-race [7] combiners to achieve RF/LO iso-
lation. However, these combiners are narrowband in nature and
cannot provide high isolation over a wide range of RFs. Besides,
they add an additional insertion loss of 3 dB at the operating RF
and LO passbands, causing some loss in RF/LO power.The sizes of
these couplers at ultra-high frequencies are significantly largewhen
compared with the suggested compact diplexer used in this work.
Other works use either the poor isolation method of inserting
low-valued capacitors in the LO signal path or the drain pumped
mixing method that can produce moderate isolation levels.

The high conversion gain in the proposed mixer circuit is
achieved at the expense of relatively high consumed drain power

PD, where the active device is drivenwith largeDC current compo-
nent.The relatively low required driving LO power, PLO, is referred
to the use of the diplexer filters for coupling the LO signal and
isolating it from the RF signal without the need of small-valued
coupling capacitors.

Conclusion

In this paper, a single-ended active mixer circuit using commer-
cial GaAs pHEMT device has been designed, fabricated, and tested
based on a miniaturized microstrip diplexer to isolate the RF and
LO ports over a wide range of frequencies and thereby to improve
the mixer performance.The circuit was tested after applying an RF
of 850 MHz and an LO frequency of 1050 MHz with a resulting IF
of 200 MHz, and provided a conversion gain of 18 dB for LO drive
power of +2 dBm and RF input power of −20 dBm. It was noticed
that the active device is potentially unstable due to its high gain
at the nominated RF and therefore a stability resistor was inserted
in the gate circuit to prevent any tendency toward oscillation. The
added resistor, however, caused some degradation in power gain
and noise figure of the mixer circuit. It was also observed that in
addition to the isolation property of the input diplexer, it also sig-
nificantly reduced the signal power of the incoming interfering
and image frequency signals due to its RF filtering characteristics.
Output IF filter with quasi-elliptic response was also connected
at the drain circuit to effectively attenuate the RF and LO signals
while passing the IF signal. In comparison with some recent pub-
lished works, the designed mixer circuit offers good performance
characteristics involving high conversion gain, better RF/LO isola-
tion, acceptable image rejection, lower required LO drive level, and
simple structure.
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