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Abstract: — This work involves in conveying of an optically modulated intermediate frequency (IF) over fiber
by employing the frequency up-conversion technique at the base station (BS), while the local oscillator (LO)
signal was assumed to be remote and was located at the central station (CS). The main focus of this work is the
development of optical front-end receiver for radio over fiber (RoF), whereby the LO signal was sent from CS
to BS using the system. At the BS, the optically generated LO signal was used to up-convert the IF signal by
using a microwave mixer. The mixer was developed utilizing heterojunction bipolar transistor (HBT) as its
main active component due to the high internal gain offered and to allow the frequency conversion to take
place. HBT mixer configuration was successfully modeled and simulated by employing harmonic-balance
technique in Microwave Office (MWO) software. It has been verified through fabrication and device
demonstration. In which, with the driven LO power of 0 dBm, the simulated conversion gain of -2.8 dB to 5.2
dB was obtained at -30 dBm to -10 dBm of IF input power level. The design was practically demonstrated and
up-converted RF signal of up to 12.4 GHz was achieved.

Key-Words: — Frequency up-conversion, RF mixer, up-conversion mixer, SiGe heterojunction bipolar transistor
(HBT), radio over fiber (RoF), harmonic balance technique, remote local oscillator.

1 Introduction Additionally, there are three other state of the art
Currently, many works in RoF environment for mm- techniques that have been in_vestiga_ted which are:
wave applications have been conducted and external modulation [4-6], using optical transceiver
divulged. To realize mm-wave transmission system, [7-9] and frequency up- and down-conversion
appropriate techniques and configurations are technique [10-12].

required to adopt the mm-wave in any RoF system. Frequency conversion techniques with integrated
There are many techniques that can be applied in device has attracted high awareness in the RoF
generating the mm-wave signal either at the CS or at application whereby low IF signal can be
the BS itself depending on the requirements of the transmitted from the CS to BS and minimize the
system. A lot of researchers have been studied to fiber  dispersion effect during the signal
develop RoF architectures due to the importance of transmission.  Moreover, the complexity and
the mm-wave signal in most applications such as expensiveness of the BSs are avoided. An example
wireless System, radar system as well as software- to the technique is utilizing the electro-absorption
defined radio. However, the generation of mm-wave modulator (EAM) integrated with semiconductor
signal with a frequency of tens of gigahertz is still a optical amplifier (SOA) module [13-15]. By using
challenge for conventional electronics. Hence, many this technique, around 60 GHz of frequency up- and
research activities have been carried out in down-conversion of RF signal has been achieved.
generating the mm-wave signal optically, and the Some other techniques have been demonstrated by
most common way to generate an mm-wave signal employing high electron mobility transistor
is to use optical heterodyne technique [1-3]. (HEMT) [16-17], heterojunction photo-transistor
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HPT [18-20], heterojunction bipolar transistor
(HBT) [21-24], avalanche photodiodes (APDs) [25-
27] and pin photodiodes (PDs) [28-30].

Generally, this paper proposes a front-end
optical receiver for RoF system design with
integrated heterojunction bipolar transistor (HBT)
mixer. The proposed system is given in Fig. 1. RF
mixer was designed to up-convert IF signal at 2.4
GHz to an RF signal of 12.4 GHz. The LO pumped
signal was set to be at 10 GHz with pumping power
in the range of -30 dBm to 30 dBm. The frequency
up-conversion was intended to take place after both
IF and LO optical signals were detected by the
respective pin photodiode (PD). The pin PD
converted the optical signals into the electrical
signals before they were up-converted by the RF
mixer. The up-converted signal was amplified using
an electrical amplifier before it was transmitted to
the end-users wirelessly.

Mainly, this paper is divided into several sections
which are fundamental of RF mixing, the mixer
design consideration, the design verification, HBT
mixer model utilizing harmonic balance technique,
device implementation and testing, results and
discussion. Finally, the conclusion of this work is
given in the last section.

I BASE STATION

! HBT Mixer

] — >
|
SMF | PD1
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Up-converted signal
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Fig. 1: Front-end optical receiver for RoF system
with the proposed HBT up-conversion mixer.

2 Fundamental of RF Mixing

Theoretically, any nonlinear or rectifying device can
be used as a mixer, however, only a few devices
satisfy the practical requirements of mixer
operation. Any device used as a mixer must have a
strong nonlinearity, electrical properties that are
uniform between individual devices, low noise, low
distortion and adequate frequency response. A
mixer basically has three ports consisting of a radio
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frequency (RF) port, intermediate frequency (IF)
port and local oscillator (LO) port.

The RF port is usually for the input signal where
high frequency signal is applied while the IF port is
for the output signal where the RF signal is
modified by the LO signal. The LO is sometimes
called the ‘pump waveform’ and it is required to
pump the mixer. It is the port where the ‘power’ for
the mixer is injected. LO signal is the strongest
signal and is used to transform the RF frequency to
the IF frequency or vice versa. Therefore, it can be
said that the IF frequency at the output port is either
up-converted or down-converted by the mixer when
the LO is applied.

In this work, an up-conversion RF mixer was
designed where IF signal was up-converted to an RF
signal. Since IF frequency is usually smaller than
RF frequency, therefore, whenever IF and RF are
mentioned throughout the work in this paper, they
will always referred to the input and output port
respectively as shown in Fig.2.

Mixer

RF output
signal

IF input
signal

Local Oscillator

Fig. 2: A symbol of mixer used in this work.

Referring to Fig. 2, the output port of the mixer
consists of frequencies that are given by:
fre = |[EmfiE £ nfy o] (1)
Where fge, fir and f o are the frequencies of the RF,
IF and LO respectively, while m and n are the
harmonics integer of both IF and LO frequencies. In
reality, the amplitude of the harmonic components
decreases as the value of m and n increase. Mixer
can be used to down-convert a frequency signal in a
receiver or up- convert a frequency in a transmitter
or exciter since it is a reciprocal device. However, in
this work, the mixer is used at the receiver where
the frequency is up-converted before transmitted
wirelessly to the end users.

3 Mixer design consideration
In this work, SiGe BFP620 transistor in SOT343
package was chosen and the DC bias of the
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transistor was determined. This transistor was
chosen due to the availability of the discrete
transistor in the market with the operating frequency
in the point of interest. The DC biasing point was
set to be at Ve = 2 V, Ic = 10 mA and in order to
realize the desired operating point the following
circuit design as in Fig. 3 was employed with 7.5 V
DC bias voltage. From the simulation, Ve = 1.97 V
and Ic = 10.2 mA operating point were obtained.

Fig. 3: DC bias circuit.

Scattering parameter, or normally known as S-
parameter, is one of the crucial requirement in
designing any circuit involving with active element
such as a transistor. It is essential to determine the
S-Parameter so that the maximum power transferred
to the circuit, or also known as, circuit matching can
be done appropriately. S-Paramaters of BFP620
Transistor at Vcg = 2 V, Ic = 10 mA that is used in
this work have been provided by the manufacturer.
In this work, we are only interested with the S- and
Z-parameters at the desired frequencies, which are
at the frequency of 2.4 GHz, 10 GHz and 12.4 GHz.
Table 1 below summarized the S- and Z-parameters
of the main RF mixer. Z-parameters were obtained
from the S-parameters to perform the matching
transformation.

To begin with, let us consider the input ports of
the mixer. There are two ports that will be involved
which are the IF port and the LO port. In designing
both ports, the desired frequencies with their S-
parameters should be considered. In order to
perform the matching network of IF port, we would
like to match the IF input impedance, Z11 =
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11.3525 + j 19.8552 found in Table 1 with a 50 Q

matching

impedance while

in Fig. 4, it

demonstrates the schematic of the selected IF
matching network.

Table 1: S- and Z-parameters at the desired
frequencies.

Frequency 2.4 GHz 10GHz 12.4 GHz
0.3524/ -  0.523/
S11 154 2 714 0.68/44.7
522 0.2618/ - 0.2419/ 0.4379/
79.4 93.7 61
211 113525+ 148.273+ 174.015-
j19.8552  j96.0895  j25.8995
299 35.5557+ 152.386+ 116.287 —
j14.2339  j30.1641  j72.1678
E::z-rghm :,\: "/\U/\(:r\ : 2235:2525*]9.85521 Ohm

C=0.3775 pF

R

Fig. 4: IF Matching Network

Similarly for the LO port, we would like to
match the LO input impedance, Z11,, = 148.273 +
j96.0895 that is also found in Table 1 with a 50 Q
matching impedance. The following Fig. 5 depicts
the schematic of the LO matching network. For the
output matching, we will consider the load or output
impedance instead of the input impedance of the RF
port. Therefore, we transformed a 50 € to match to
the RF load impedance, Z22xr = 116.287 — j72.1678
as obtained in Table 1. The schematic that is
required to achieve the RF matching is shown in
Fig. 6.

. PORT

por |:>_D—D . ‘ . ‘ o . D_<] ESQRT . .
Z=50 Ohm ‘ ‘ Z=148:273+96.0895i Ohm
. . . CAPd o . . . . .
ID=C1 IN
: : C o C=01TTEpE =l . . .

Q=17919 " " -
FQ=10 GHz
ALPH=1

L=2.9292 nH
Q=17919

7 FQ=10GHz
ALPH=1

Fig. 5: LO Matching Network
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CAPQ

ID=Ct
C=0.1721 pF
Q=1.4907
FQ=12 4 GHz
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|| PORT
PORT |:>—D = = D—<] p=2
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- Z=116.287-72.1678i Ohm - - .
INDQ
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Fig. 6: RF Matching Network

In this impedance matching design, we assumed
that the transistor was to be operating in a quasi-
linear mode, whereby, to produce the mixing effect,
the transistor has to be nonlinear. In addition, the
linearity was small enough with the intention that
usual linear procedure and concept of impedance
can be applied and this is usually a valid
assumption.

4 Design verification

Generally, in order to have a proper impedance
matching circuits at both input and output ports, we
firstly considered the return loss (S11) and power
gain (S21) at each port. For a better performance
and closely match to the real environment, all the
designs were simulated using EM (electromagnetic)
simulator. It is software that usually used for passive
circuit analysis. Fig. 7 illustrates the IF matching
structure using EM simulator followed by its return
loss which is depicted in Fig. 8. It is shown that the
return loss dropped about -41.54 dB at 2.4 GHz.

Fig. 7: IF matching structure using EM simulator.
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Figure 8: Return loss of the IF matching structure.

For the LO matching structure using EM
simulator, it can be described in Fig. 9. Its return
loss fell at about -24.58 dB for the frequency of 10
GHz. The graph can be observed in Fig. 10.

Fig. 9: LO matching structure using EM simulator.
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Fig. 10: Return loss of the LO matching structure.

In Fig. 11, it demonstrates the RF matching
structure using EM simulator. Its return loss is
depicted in Fig. 12 and it revealed that the return
loss dropped at -51.1 dB for frequency of 12.4 GHz.
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Fig. 11: RF matching structure using EM simulator.
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Fig. 12: Return loss of the RF matching structure.

5 HBT mixer model

Before detail description of the mixer modeling is
presented, first, fundamental of harmonic balance
technique will be explained. There are few
difficulties in a time-domain approaches. Firstly, the
circuit might contain an input and output impedance
matching network, signal filters and frequency-
dependent transistor parameters such as the base
transport factor. Secondly, since in the current
investigation only the steady-state solution of the
maxing is of interest, the number of local oscillator
(LO) cycles that the simulator takes to reach a
steady state can be very high. Finally and most
importantly, not only the LO frequency that is
involves during the mixing but IF, other up- and
down-converted frequencies and image frequencies
will also involve.

Harmonic balance allows the linear parts of the
model to be described and simulated in the
frequency domain and the nonlinear parts in the
time-domain, and forward and inverse Fourier
transforms are used to bridge the two parts.
Therefore the problem describing the responses of
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the linear elements in the time-domain is avoided.
Also harmonic balance attempts to find the steady-
state solution from the outset and hence no time is
wasted on the transient. Since the mixer is analysed
separately for the LO and photo-generated IF signal
excitations, thus the number of simulation points
and the computation time will be independent of the
frequency relationship between the LO, IF and radio
frequency (RF).

In conventional large signal analysis, the
nonlinear components must be modeled in the time-
domain. At the same time, the reactive elements can
no longer be described by their complex phasors but
must be specified with their time-dependent
differential equations. Simulation is carried out for a
number of LO cycles until a steady state is reached
which is usually controlled by the reactive elements.
The situation is different if harmonics balance
techniques are used.

The concept of the harmonic balance techniques
can be illustrated with Fig. 13. As seen in the figure,
the circuit is partitioned in two sub networks; one
that contains all the linear elements and another that
encompasses the nonlinear devices. The voltage at
interconnecting ports are considered as the
unknowns, so the goal of harmonic balance analysis
is to find the set voltage phasors in such a way that
Kirchoff’s laws are satisfied to desired accuracy.

IIin Inon

-
)
Linear Nonlinear
Subcircuit vo.v Subcircuit

Fig. 13: The concept of harmonic balance technique.

Any large-signal equivalent circuit consists of
linear (ideal R, C) and nonlinear (p-n junction). In
small-signal analysis, the nonlinear elements are
linearized around the DC bias point so that their
differential resistances or conductance’s can be
treated as if they were linear. Nonlinear sub-circuit
is described in time domain whereas, LO is
embedded in the linear sub-circuit as an AC voltage
source at LO frequency, fLo.

HOENILG)
Where,

V(t) — instantaneous terminal voltage across both the
linear and nonlinear subcircuits.

)
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I(t) — corresponding current flowing into nonlinear
subcircuit

The main difference between harmonic balance
and transient analysis is that the harmonic balance
approach uses a linear combination of sinusoids to
build the solution. Thus, it approximates naturally
the periodic and quasi-periodic signals found in a
steady-state response. Harmonic balance also differs
from traditional time domain methods in that, time
domain simulators represent waveforms as a
collection of samples, whereas harmonic balance
represents them using coefficients of sinusoids.
Harmonic balance converts the coefficient
representation of the stimulus into a sampled data
representation; this is a conversion from the
frequency domain to the time domain, which can be
accomplished by the inverse Fourier transforms.
With this representation, the nonlinear devices are
easily evaluated. The results are then converted back
into coefficient form using the Fourier transform.

The harmonic balance method has gained
widespread acceptance among microwave engineers
as a simulation tool for nonlinear circuits. The main
advantages of this approach are its ability to direct
address the steady state circuit operation under
single or multiple tone excitations, and its
compatibility with the characterization of the linear
sub-network in the frequency domain for high
frequency application. There are a number of
commercial harmonic balance simulators available
for nonlinear microwave circuits’ simulation, while
the Microwave Office simulator was chosen for this
work.

The mixing mechanism in an HBT arises from
the two internal pn junction since these two
junctions exhibit nonlinear exponential current-
voltage characteristics. For example, when two
voltages v1 and v2 are at frequencies f1 and f2,
respectively, appear across the forward-biased base-
emitter junction, the junction will conduct a current
which contains components at frequency |nfl £ mf2|
where n and m are any integers. These current
components will in turn cause other voltage
components at the same frequencies to appear
across the junction through the linear parts of the
circuit, such as any resistance and capacitance, and
hence the mixing continues. This description of the
mixing mechanisms is very general and often
computer modeling for a mixer is closely linked to
such a description.

To develop the HBT mixer circuit model, it is
required to consider several stages of works
including the parameter settings, transistor data
collection and characterization, and determination of
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board properties. All the considerations will be put
into account during the simulation of the circuit
model.

The following Table 2 shows the parameter
settings for the HBT mixer circuit model used for
the simulation. While in Table 3, it describes the
data settings for BFP620 transistor used in the mixer
circuit model. These data were obtained from the
datasheet provided by the manufacturer. For the
simulation, it is also essential to include the
properties of the board being employed. RO3003
board from Rogers Corporation was chosen due to
the capability of the board to be operating at high
frequency ranges. The properties of the board can be
seen in Table 4.

Table 2: Parameters setting of HBT mixer circuit

model.
Symbol Value Description
IF Port fir=2.4GHz  Frequency and power
-30dBm < Pe < setat IF input port
0dBm (Port 1)
LOPort  fio=10GHz  Frequency and power
-30dBm <P, setat LO input port
<30dBm (Port 2)
Ry 750 Q Base resistance 1
R, 2200 Q Base resistance 2
Rc 442 O Collector resistance
Re 100 QQ Emitter resistance
C, 3.979 pF IF capacitance 1
G, 6.641 pF IF capacitance 2
Cs 0.1776 pF LO capacitance
Cs 0.1721 pF RF capacitance
Cc 100 pF Collector DC block
Cs 100 pF Base DC block
L, 1.945 nH IF inductance
L, 2.929 nH LO inductance
L 0.9793 nH RF inductance
VCC 75V DC Voltage supply

6 Device implementation
The circuit implementation will be specifically
described in this section. The circuit model of the
mixer is depicted in Fig. 14 which shows the circuit
model in its lumped elements form. It consists of
three ports which are IF and LO ports as the input
ports and RF port as the output port. LO power must
be higher than IF power since it acts as a driver or
pumping signal to control the switching of the
mixer.

For high frequency circuits, simulation in
distributed circuit, or also known as, transmission
line circuit, is more preferable since it is more
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accurate whereby all parameters such as tangent
loss, dielectric constant, and height and thickness of
the board were considered during simulation. Since
this circuit came across the frequency of up to 12.4
GHz, thus, the transmission line circuit was
employed. In this work Roger board RO3003 was
employed with the characteristics that have been
described in Table 4.

Table 3: Data setting of BFP620 Transistor.

Symbol Value Description
Ce 0.12 pF Collector-base
capacitance
Cee 0.22 pF Collector-emitter
capacitance
Ceb 0.46 pF Emitter-base capacitance
I 0.22 fA Saturation current
s 21 fA BE leakage current
parameter
lse 18 pA BC leakage current
parameter
B¢ 425 Forward current gain
B, 50 Reverse current gain
N; 1.025 Forward ideality factor
N, 1.0 Reverse ideality factor
ts 1.43 ps Forward transit time
t, 0.2 ns Reverse transit time

Norliza Mohamed, Sevia Mahdaliza Idrus,
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Table 4: Properties of RO3003 Roger Board

Symbol Value Description

& 3 Relative dielectric
constant

) 0.0013  Tangent loss or
dissipation factor of the
dielectric

H 0.762  Height of the substrate

mm
T 35 um  Thickness of the

conductor

From schematic diagram of Fig. 14, hence the
layout of the mixer can be obtained. The layout file
was then be edited and converted into AutoCad file
for hardware translation. The physical layout
drawing of the HBT mixer for both front and back
views can be seen in Fig. 15 (a) and (b) respectively.
Next, Figure 16 demonstrates the HBT mixer board
connection and testing for frequency up-conversion
at 12.4 GHz.

Figure 14: Schematic diagram of the lumped element circuit model.
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(b)

Fig. 15: Physical Layout of HBT Mixer: (a) Front view, (b) Back view.

Figure 16: Board connection and testing.

7 Results and discussion

At the output port, RF output spectrum obtained
from the simulation can be seen in Fig. 17. The
power level for both inputs i.e. IF power level at 2.4
GHz and LO power level at 10 GHz were set at -10
dBm and 4 dBm respectively. From the graph it was
found that the power level at 12.4 GHz was
achieved at about -29 dBm. Whilst, the following
Fig. 18 shows the RF output spectrum at 12.4 GHz
obtained from the measurement. IF and LO input
power levels were set at -10 dBm and 0 dBm
respectively.

Based on the output power level, the conversion
loss of the mixer from the simulation and
measurement can be found in Fig. 19 and 20 in the
function of different IF and LO power levels
respectively. From the graphs, we obtained the
conversion loss about -2.6 dB to 5.2 dB at about -30
dBm to -10 dBm of IF input power level.

As can be seen, at LO power level of 0 dBm the
conversion loss occurred at IF power level from -30
dBm until it reached about -23 dBm where the
conversion gain started. The conversion gain kept
on rising until the IF power level reached about -
5dBm and then the conversion gain started to
decreased slowly.
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The comparison of this work with the previous
reported works can be seen in Table 5. The table
shows the conversion gain obtained from this work
as compared to the other work but at different LO
power level and frequency settings.

RF Output Spectrum
50
10 GHz
-8.454 dBm
24 GHz
:
f
_ -46.25 dBm
E
m
=)
= -50
Qo
2
o
o
-100
-150
1 6 11 13
Frequency (GHz)

Fig. 17: Simulated RF output spectrum at 12.4 GHz.
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Figure 18: Measured RF output spectrum at 12.4
GHz.

Issue 10, Volume 11, October 2012




WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

Comparison of Conversion Loss vs LO power at Different IF Levels
T T T T T
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Fig. 19: Comparison between simulation and
measurement of conversion loss at different IF level.

Comparison of Conversion Loss vs IF power at Different LO Levels
T T T T T
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Fig. 20: Comparison between simulation and
measurement of conversion loss at different LO
level.

8 Conclusion

In this work, we have developed an RF mixer
utilizing HBT as its main active component which
located at the BS. The mixer has shown a practical
performance with the conversion gain of 5.2 dB at -
10 dBm of modulated IF power level and 0 dBm of
LO pumped power. The design was practically
demonstrated and up-converted RF signal of up to
124 GHz was achieved. Presently, we are
developing an up-conversion design for frequency
of up to 42.4 GHz. As for now, we have conducted
the simulation and managed to achieve an up-
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conversion frequency in the millimeter-wave band.
The results will be demonstrated with this
configuration for future practical development
millimeter-wave radio over fiber system.

Table 5: Previous reported works specifically based
on HBT configurations.

. Conv. LO
C_?:g;]g./ [FGrliO;] Gain | Power Ref.
' [dB] | [dBm]
Comeau
SiGe fir=1.25 et al.
HBT | fee=28 | 1! NA T 221
(2006)
. fie = 0.02 Myoung
SiGe f —58 42 3 et al.
HBT | o279 ' [21]
RF— (2006)
fir=0.22 Jung et
DS I to=468| 37 | 14 | al [24]
fRF = 49 (2005)
fir=1.8 Huber et
S I to=222| 4 42 | al.[23]
fRF =24 (2005)
SiGe ‘]:'F =_21'g - 0 This
Lo = .
HBT for=12.4 Work
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