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Abstract—In this paper, a novel single sideband (SSB) mixer is
presented. Different from conventional SSB mixer topology, the
proposed SSB mixer is designed from RF Hilbert transformer.
The upconverted signal from single balanced mixer is divided into
two paths, and one is transformed by RF Hilbert transformer. The
other path signal experiences simple phase delay, and the
recombined two signal cancel out one of the sideband signals. This
new SSB mixer topology applies only one single balanced mixer
and resolves the size issue of low frequency coupler in conventional
topology. To demonstrate proposed topology, a prototype SSB
mixer is designed and fabricated. The simulation and experiment
results align well with theoretical prediction.

Keywords—SSB mixer, RF Hilbert transformer, RF signal
processing.

I. INTRODUCTION

Frequency conversion (i.e., up-converting intermediate
frequency to radio frequency or vice versa) is critical step in
radar, electronic warfare, satellite communication, and wireless
communication [1]-[3]. Currently, with the limited spectrum
allocation and congested bands, improving spectrum efficiency
is becoming serious issue, especially with increasing demand
for high-speed data streaming and booming mobile devices.
There are several approaches proposed to improve the spectrum
efficiency, and single sideband (SSB) modulation [4]-[5] is one
of the methodologies to double the spectrum efficiency. In
practical implementation, this modulation is realized in
frequency conversion stage by leveraging vector modulation to
cancel either upper sideband or lower sideband. Therefore, SSB
mixer is widely investigated in 5G/NextG [6]-[7], Terahertz
technology [8], Photonic Microwave [9], Beamforming
techniques [10]-[11]. In RF frequency range, the typical circuit
topology for SSB mixer design is shown in Fig. 1 (a), where
two identical mixers, two 90° hybrid couplers, and one 0°
power combiner are applied to create in-phase and quadrature
signal paths and cancel out one sideband signal. Instead of
frequency conversion, manipulating the RF waveform with
desired signal processing function attracts great interest in
recent to perform variable mathematical operations as
integration [12], differentiation [13], time inversion [14],
Fourier transformation [15], edge detection [16], and Hilbert
transformation [17]-[21].

Inspired from real-time RF signal processing, in this paper,
a novel SSB mixer topology is proposed leveraging RF Hilbert
transformer. Different from conventional topology, our
proposed SSB mixer consists only one single balanced mixer,
and the sideband cancellation is achieved by network composed
of RF Hilbert transformer, delay line, and power combiner. This
is the first time a RF signal processing SSB mixer is proposed
to overcome the issues in conventional SSB mixers, where well
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Fig.1. (a) conventional SSB mixer topology; (b) proposed RF Hilbert
transformer SSB mixer topology.

matched 1/Q mixers and bulky low frequency IF coupler is
required to suppress LO feedthrough and spurious frequencies
etc. The paper is organized as: section II provides design theory
of proposed RF Hilbert transformer SSB mixer, and section I11
carries out experiment to validate proposed novel mixer circuit
topology. Finally, the conclusion and future work are discussed
in Section IV.

II. DESIGN OF RF HILBERT TRANSFORMER SSB MIXER

The proposed RF Hilbert transformer SSB mixer topology
is shown in Fig. 1 (b). A single balanced mixer converts IF to
RF by mixing with LO, and its output signal is divided into two
paths through Wilkinson power divider. One passes along a
transmission line delay, while the other signal is processed by
RF Hilbert transformer. A sharp 180° phase rotation will be
happened to the signal passing through RF Hilbert transformer
without magnitude change at design frequency LO. It is found
that LO+IF upper sideband undergoes 180° phase rotation
while LO-IF lower sideband remains unaffected. After two path
signals combined again through 0° power combiner, one
sideband signal will be cancelled out due to 180° phase offset.
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Fig.2. (a) transmission line RF Hilbert transformer circuit; (b) signal flow chart
analysis of RF Hilbert transformer.
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Fig. 3. Magnitude and phase response of proposed RF Hilbert transformer.

A. Transmission Line Real-Time RF Hilbert Transformer
Design
The key building block in proposed mixer, RF Hilbert
transformer, is composed of a 180 °rat-race coupler and a delay

line, and the transmission line circuit is shown in Fig. 2 (a),
where Z; = ﬁzﬂ, Zp = Zy, 1= 0y, 0:=36y, and Zy = 50Q and

6= 90°. The feedback transmission line between port (3) and
(@) follows 6p + 6, = 360° forming a 360° resonator. To analyze
the proposed circuit, signal flow method shown in Fig. 2(b) is
applied to characterize its transfer function, which is derived as:

AYRERY S
HT(f) — S21 + 31 delay _line 42 (1)
1 - S34 : Sdelay_line

Here Sy, is the transmission from the input port (1) to output
port (2). S3; and Sy, are the coupling from (3) to (1) and (4) to
(2), respectively. S, is the transmission from (3) to (4). Saelay fine
is feedback delay line connecting port (3) and (4) to maintain
the resonance. The magnitude and phase response of ideal RF
Hilbert transformer is shown Fig. 3, where 180° phase rotation
can be clearly observed at central LO frequency without
magnitude change.

B. RF Hilbert Transformer SSB Mixer Design

The single balanced mixer is designed using two Schottky
diodes connected in antipolar configuration and one rat-race
coupler. The LO signal is applied to delta port of rat-race
coupler, and the IF signal is fed to anti-polar diode pair via low
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Fig. 5. Experiment setup for validating proposed RF Hilbert transformer SSB
mixer.

pass filter. Due to the non-linearity of diode, the two signal LO
and IF are mixed and up converted to a double sideband (DSB)
output, which can be derived as [22]:

Voss =Laode Zo =Vio-ir +Viowr 2
1
Vio-wr =2, 'EVLOVIF 'COS((C’)LO _a)IF))t (€)
1
Viour =Zo ‘EVLOVIF 'COS(((OLO + a)IF))t 4)

The output from the single balanced mixer including LO+IF
and LO-IF frequency components is equally divided into two
paths via Wilkinson power divider. One is through simple
transmission line delay providing phase offset, and the other
path is transferred by RF Hilbert transformer. The signal passes
through transmission line delay can be derived as:

1
VSignall = 3 Viowr *Vior) e

J AT

®)

The signal passes through RF Hilbert transformer can be
derived as:

1
I/SignaIZ = ﬁ Vioww Vo) HT(S) (6)

Vio-wr)

1 .
= ﬁ Vioww €™+
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Fig. 6. Experimental results of proposed SSB modulator: (a) upper sideband
cancellation; (b) SSB mixer response with LO sweep. The solid line is the
simulated result, and the dot line is the measurement data.
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Two transformed signals are combined through T combiner,
and the output is derived as:

Viss =V

Signall
1

Jr y
= \/5 (VL0+IF et + VLO+IF e

+V,

Signal2

O]

/'»wAz')

1 AT
N _2 (VLOfIF +Vioow e’ )

NG

From equation (7), it is found that one of the sideband signals
can be cancelled out, and the delay line Az determines either
lower sideband or upper sideband to be suppressed after the
combiner.

II1. IMPLEMENTATION OF PROPOSED SSB MIXER

To prove our design concept, a RF Hilbert transformer SSB
mixer is designed and fabricated using RO4350B with a
thickness of 0.76mm, ¢ = 3.48, and tand = 0.0037. The
prototype is shown in Fig. 4, and its size is around 0.52/ x1.14.
The LO frequency fio is selected at 2.5 GHz, and IF frequency
is 100 MHz. The circuit is designed based on the selected LO
frequency. Here, IF signal is fed from the back side of PCB, and
two Schottky diodes (SMS7621) are connected to a lumped
element based low pass filter. Microstrip lines are applied to
design Wilkinson power divider, Hilbert transformer, phase
delay line, and T-junction power combiner. Electrical length of
delay isn'A {n € N|n>0}, and n =1 is applied to minimize the
insertion loss and simultaneously cancel out the upper sideband.
It should be noticed that T-junction used at the output for
combining Signall and Signal2 can achieve the optimized
image rejection. The circuit simulation and layout are carried
out using Keysight ADS. The experiment set up for proposed
SSB mixer is shown in Fig. 5, where IF and LO sources are
generated from two signal generators (MXG). The sideband
cancelled RF output is measured using Keysight Field-Fox
network analyzer. The simulation and measured results are
depicted in Fig. 6 and Fig. 7. To be specific, in Fig. 6 (a), it
shows that the upper sideband is cancelled, and the ratio
is >24.5 dB in simulation as plotted in dotted lines and >21 dB
in experiment as in solid lines. Fig. 6 (b) shows the output
power of proposed SSB mixer when the LO power is swept
from -20 dBm to 10 dBm. It finds that measured 1 dB
compression is around -2 dBm with output power around -13
dBm. IF frequency sweep measurement is shown in Fig.7 (a)
that 20 dB image rejection ratio bandwidth is 20 MHz in
frequency range 2.49-2.51 GHz in simulation and 30 MHz in
frequency range 2.31-2.34 GHz in measurement. In Fig. 7 (b),
it shows the power response of IF input. Comparing with the
LO power, it shows a better linearity where the IP1dB is
measured around 2 dBm with output power around - 10.5 dBm.
Overall, the simulation results align well with experiment
measurement, and there is slight frequency offset between
simulation and measurement are caused from modelling of
diode, PCB fabrication tolerance, and assembling process. The
size of proposed RF Hilbert transformer SSB mixer can be
further reduced by applying miniaturized couplers, power
dividers, and lumped elements for delay line.
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IV.CONCLUSION

A novel SSB mixer topology is proposed in this paper,
where single balanced mixer, power divider, RF Hilbert
transformer, delay line, and combiner are applied to suppress
the one sideband signal. Different from conventional SSB
mixer, it is first time a RF Hilbert transformer is applied to
modulate the sideband overcoming the issues from 1/Q mixers
mismatch and bulky IF coupler. To verify the design concept, a
prototype is designed and fabricated using RO4350B, and the
measured results align with simulation results and theory
prediction. In our future work, we will further investigate the
design with compact size and larger operating bandwidth to
support emerging wideband spectrum = management
applications, especially at mmWave leveraging chip design.
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