ISSN 2347 - 3983
Volume 8. No. 9, September 2020

International Journal of Emerging Trends in Engineering Research
Available Online at http://www.warse.org/IJETER/static/pdf/file/ijeter251892020.pdf
https://doi.org/10.30534/ijeter/2020/251892020

Simulation Analysis of MOSFET Based Absorber for Reflected RF
Signal in 5G Massive MIMO Base Station

Elliot O. Omoru, Viranjay M. Srivastava
Department of Electronic Engineering, Howard College, University of KwaZulu-Natal, Durban-4041, South Africa
viranjay@ieee.org

ABSTRACT

The reduce the effects of losses, due to the reflection of RF
signals from the receiver (connected to circulators) in 5G
massive MIMO base station, an N-channel MOSFET have been
proposed as a solution. In the proposed model, theoretical
relationships between drain current and source current of the N-
channel MOSFET have been used. Simulation experiment has
been performed to verify the correctness in operation,
consistency, and theoretical relationship between the sources
and drain current. The experiment closely monitored the values
of drain and source current at different reflection condition under
appropriate gate voltage. To monitor these parameters, the peak
voltage component of the reflected power at each chosen
instance were calculated and its equivalent direct current voltage
value was applied to the drain terminal of the MOSFET. This
research focuses on examining the consistency of the parameters
and theories used for the MOSFET based absorber under
different reflection condition from ports of circulators in 5G base
stations.

Key words : Base station, MOSFET, Fifth generation (5G),
Circulators, Radio Frequency, Transceiver.

1. INTRODUCTION

The next generation of technology in the telecom industry is the
emergence of 5G technology which promises instantaneous
connectivity to billions of devices, massive machine to machine
communication also called the Internet of Things (loT), etc. [1-
3]. The 5Ginitially operates in conjunction with existing 4G
networks before evolving fully to standalone networks in
subsequent releases. In addition, to deliver faster connectivity at
greater capacity, a very important advantage of 5G is its fast
response time referred as latency. The 3G networks had atypical
response time of 100milliseconds, 4G is around 30 milliseconds
and 5G as low as 1 millisecond [2-4]. In addition to these major
use cases, the 5G provides the right environment for ultra-
reliable low latency communication system, including real-time
control of devices, industrial robotics, and vehicle to vehicle
safety communication [5-7].

Furthermore, one major loss anticipated in the 5G technology are
due to reflection of signals from the receiver (Rx) branch
connected to the circulators in 5G MIMO base station. This

reflection loss is due to mismatched load impedance of the Rx
branch with the source impedance of the transmitter (Tx) branch
thus affecting the overall performance of the base station. This
problem can be solved by designing an impedance matching
circuit between the Tx and Rx branch of the base station. But it
gives another challenge of impedance matching circuit design,
most especially at high-frequency and microwave regime.
Isolating the branches with the help of a circulator and absorbing
any reflected signal proves to be a better alternative. The main
objective of this research is to use the MOSFET to absorb the
reflected signal resulting from impedance mismatching between
the Tx and Ry of the base station [8-10].

To carry out simulation, models for simulation were insufficient,
for this reason a sinusoidal voltage source have been used to
provide an equivalent source or Tx branch terminal voltage
component of Incident RF power. With the help of a voltage
divider, the voltage component of reflected RF power from the
Rx branch connected to the circulator was generated and applied
to the input terminal of the rectifier used in the proposed model.
With these values, calculations were carried out to determine the
capacitance and inductance values used for the filter design to
obtain a pure DC, as rectified AC signal is pulsating in nature.
More information about the circuit description is detailed in ref.
[11]. The resultant DC voltage was applied to the drain terminal
of the MOSFET and the condition for MOSFET absorption was
tested for four values of reflection from port-4 to verify the
consistency of various established theories.

This paper is organized as follows. Section 2 discusses the pre-
rectification process of reflected radio frequency signal from the
Rx branch of the base station. Section 3 discusses the
rectification process of reflected radio frequency signal. Section
4 discusses the filtration and absorption process with analysis of
simulation and results. Finally, Section 5 concludes the work and
recommends the future aspects.

2. BASICS OF RF RECTIFICATION PROCESS

The Tx branch, Rx branch, and antenna branch are connected
together by a four-port circulator, the function of the circulator
is to route radio frequency signal between all branches connected
to it [12-15]. It is non-reciprocal (behaviour in one direction is
different from their behaviour in another direction). Power is
transferred from one port to the adjacent port in a prescribed
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order. It is a device used for transmission in which microwave
or radio frequency signal entering any port are passed on to the
next port in rotation. A port in this context is the point where an
external wave guide or transmission line is connected to the
device [13, 14].

2.1 Circulator Basics and Advancements

A novel three-port active circulator was proposed by Moussa et.
al. [16]. This circulator was composed of a phase divider with
one transistor and a special form of Wilkinson power splitter
operating as a power combiner. An active quasi-circulator at 30
GHz was designed and fabricated by Chang et. al. [17] at TSMC
0.18-um mixed-signal CMOS technology. The current reuse
technique was integrated with a common source stage to form
the quasi-circulator core with reduced power consumption. A
three-port active circulator and active quasi-circulator based on
the bridged-T network was designed and fabricated by Wang et.
al. [18] at standard 0.18-um CMOS technology. An active quasi-
circulator MMIC was designed and fabricated by Shin et. al. [19]
at standard 0.18-um CMOS technology. It combines the
common source, common gate, and common drain
configurations to improve the isolation between ports, and
improved insertion loss.

The circulator can be used as isolator / duplexer or can perform
both operations in a transmission system [20-22]. In a four-port
circulator, signal entering by port-1 exits the circulator via port-
2, signal entering by port-2 exits the circulator via port-3, signal
entering through port-3 exits the circulator via port-4, lastly,
signal entering the circulator via port-4 exits the circulator via
port-1. Fig 1 shows the port connection of a basic circulator. The
modulated RF signal from the Tx branch of the base station
flows into the circulator via the port-1 of the circulator.

ANTENNA J

PORT2

TX BRANCH RX BRANCH

PORTL

RECTIFIERARD
FILTER

Figure 1: Basic model of RF pre-rectification.

The circulator receives this signal and sends it out through its
port-2 which has a band pass filter connected to it. The band pass
filter limits the RF signal to the frequency desired for
transmission. Connected band pass filter is a transceiver which
performs the function of propagating the RF signal into space.
The propagated RF signal is received by the transceiver of a
neighbouring base station, the signal enters into the circulator via
the port-2 of the circulator in the neighbouring base station and
it’s outputted through port-3 which has the Rx branch connected
to it. Whenever there is a mismatch between the Tx of the
transmitting base station and the Rx branch of the neighbouring
base station, some of the signal will be reflected back. The
reflected signal from the port-3 of the neighbouring base station
exits the circulator via its port-4 which has a rectifier connected
to it. As stated in the Section I, models for simulation were
insufficient to provide real ports for this reason a sinusoidal
voltage source have been used to provide an equivalent source
or Tx branch terminal voltage component of Incident RF power.
With the help of a voltage divider, the voltage component of
reflected RF power from the Rx branch connected to the
circulator was generated and applied to the input terminal of the
rectifier used in the proposed model.

R
Vour =Vin {ﬁ}
1 TRy

where Vi, is Source or Tx branch terminal voltage component of
incident RF power and Vo is the component of reflected RF
power from Rx branch. The values of resistors (R1 and Ry)
required to produce a voltage drop equivalent to the voltage
component of the reflected RF power from the Rx branch has
been generated with the help of an online software.

1)

Considering 19 dBm reflection loss from the Rx branch of the
base station, the values of resistors (R; and R2) required to
produce a voltage drop equivalent to the voltage component of
reflected RF power are/08.95 Q and 1700 Q, respectively.
Substituting these values into(1), with Vi,44.662 V, the achieved
Vout Will be 2.69 V.

Table 1: Values for resistors needed to produce the required output
voltage output

Reflected RF
power P(dBm) Vin (Volts) | Vo (Volts) R1 (Q) R2 (Q)
19 44.67 2.69 108.95 1700
13 44.67 144 56.64 1700
5 44.67 0.56 21.82 1700
3 44.67 0.45 17.19 1700

Similar calculations have been carried out for three other cases
of reflection from the Rx branch connected to the circulator and
the equivalent resistor values where recorded in Table 1.
However, these chosen cases may not always be the case, they
have been used to accurately predict and evaluate the model.
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2.2 Rectification of Reflected RF Signal

The ultimate goal of 5G base station is efficiency of various
component used for its construct. For this reason, a full wave
rectifier was used in place of a half way rectifier as it produces
twice the efficiency of a half wave rectifier. Though, the use of
two additional diodes for the rectifier construct is a disadvantage
because each of the diodes causes a voltage drop, thus reducing
the voltage at the output terminal of the rectifier [23-25].
However, considering the conditions for MOSFET absorption
and the working of the MOSFET voltage drop is not a major
concern in this research and has a minimal effect in overall
research conclusion.

Putting all these into consideration a voltage source representing
the reflected radio frequency power from the port-4 of the
circulator, is applied to the input terminal of the rectifier and a
combination of 2kQresistor and the four-diode combination
carries out the rectification process taking into consideration the
on and off states of the diodes and the potentials at each nodes
of the rectifier as shown in Fig.2.During the positive half cycle
diode D; and diode D3 are in ON state, for the negative half cycle
diode D; and diode D4 are in ON state and the type of wave
present at the output of the rectifier in this case is a pulsating in
nature.

f D2 w7 D4
Dijreak Dijreak
R2
1.7k
V1
VOFF =0
VAMPL = 4466’ Ri
FREQ = 1khz
AC=0 i W
0 2k
R3 D3 FAN )|
0.10895k
Dijreak Dijreak

|

Figure 2: Basics of rectification of reflected RF signal.

In the rectifier configuration (Fig. 2), the diodes keep switching
connections to the resistor through the various available nodes
so that current flows in only one direction through the resistor.
The resistor can be replaced with any other circuit, including
more power supply circuitry (such as the LC filter), and still
realize the same behaviour from the bridge rectifier as explained
in further sections.

3. FILTERATION OF PULSATING DC SIGNAL WITH
THE DESIGNED CIRCUIT (MOSFET BASED
ABSORBER)

For a MOSFET device to function properly, it is important to
apply a pure and consistent DC signal to the drain terminal of
the MOSFET, as the signal from the output of the rectifier
connected to the circulator is pulsating [26-28]. To achieve a
pure DC, a capacitor and an inductor have been connected in
parallel and in series respectively with a load resistor [29, 30].
This capacitor filters the variation in voltages at the output of the
rectifier, while the inductor filters the variation in current.
Without the capacitor a pulsating DC signal will exists but with
the capacitor and inductor, the variation will be lesser.

TRANSCEIVER

BAND PASS FILTER

PORTY

Nﬂl CTEDRF
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Source Gate Drain
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N channel
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Figure 3: Designed model of MOSFET based absorber (with the
reflected signal in 5G mMIMO base station) [11].

When the voltage is rising, the capacitor stores the charge
(charging mode), absorbing energy from the circuit. When the
voltage across the load resistor is decreasing, the capacitor
releases its stored energy into the circuit thus preventing the
voltage from dropping so low. When the voltage rises again the
capacitor absorbs the energy from the circuit thus preventing the
voltage from rising too quickly. By the capacitor absorbing and
releasing energy to the circuit it causes the voltage to be more
consistent rather than falling quickly and then rising quickly. It
smoothens out the pulsating DC signal.

The variation in voltages after filtering is called a ripple voltage.
Reduction in the ripple voltage is achieved by increasing the
value of the capacitor value or increasing the load resistor which
may not always have control over [31-34]. In addition to this,
capacitance selection is an important issue in the circuit, even
though it is a very effective way of reducing the ripple voltage it
also has a problem.
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The inductor has the same effect as the capacitor, but in this case
when current goes up the inductor will oppose the increase in
current and it does so by absorbing energy and storing it in his
expanding magnetic field. When the current goes down the
magnetic field produced by the inductor releases its stored
energy back to the circuit, thus supporting the falling currents.

4. SIMULATION ANALYSIS OF DESIGNED CIRCUIT

For simulation, a sinusoidal voltage source has been used to
provide the equivalent reflected power from the Rx branch of the
base station. The frequency of the voltage source has been set to
1 kHz instead of 5G standard frequency, because at 5G
frequencies the concept of voltages and current becomes
difficult to relate during simulation. In addition to this When
frequencies are too high for discrete capacitors and inductors to
be practical, a combination of Schottky diode and distributed
circuit will be employed for the rectification during the physical
implementation of the proposed model at 5G frequency.
Furthermore, a lower frequency has been used to reduce the
simulation time which is dependent on frequency.

4.1 Simulation Analysis for Basic Model

The basic circuit (Fig. 2)has been simulated and the equivalent
values of peak voltages and current have been deduced from the
input plots. Parameters such as root mean square value of
voltage, current, and peak-power have been calculated from the
resulting values of peak voltages at the input terminal of the
rectifier [29, 30].The generated wave form usually has voltage
or current plot against time. The horizontal axis shows the
passing of time, progressing from left to right. The vertical axis
shows the quantity measured which in this case voltage or
current. Fig 4 shows the wave forms of voltages and current at
the input of the rectifier circuit of Fig. 2. Fig 5 shows the wave
forms of pulsed values voltages and current at the output of the
rectifier circuit of Fig. 2. From the pulsed values of various
voltages and currents deduced from the output plot of the
rectifier, parameters such as ripple factor expected DC current
have been calculated and recorded. In addition to this the output
plot of the rectifier has a combination of AC and DC
characteristic which is not ideal for proper functioning of
MOSFET.
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Figure 4: Plot for rectifier input (a) voltage, and (b) current.
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Figure 5: Plot for rectifier output (a) voltage, and (b) current.

Power supply with very low noise and DC ripple are required for
MOSFET. For this reason, the output of the rectifier must be
filtered using highly efficient filters. In the simulation an LC
filter has been used. To achieve a smooth output, the values of
capacitors and inductors have been calculated from the values of
voltages and currents deduced from the plots of waveforms as
shown in Fig. 5. From the plots, the peak values of voltages and
currents are 1.6 V and 0.8mA, respectively. From these values,
the values of different parameters needed to calculate the rating
of capacitor and inductor used for the filter design have been
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determined. However, on the physical implementation of the
proposed model the values of capacitor, inductor, and resistor in
the rectifier circuit will be tuned to meet the frequency
requirement of the 5G base station. In addition, the proposed
model is largely dependent on the frequency at which the
rectifier circuit is designed,

Therefore, Vims = 0.707 x 1.6 = 1.13 V, Voe :%:mw )
T

I, =0.707x1 ., =0.56mA. Expected value of Ipc has

peak

21
been calculated as: | o, = Peak _ 0.588 mA. To calcuate load
ps

resistance (R.) use the formula as:

R _Vm ) Vm = Vpeak = 16 V,
N

and Im = Ipeak = 08 mA

Substitute values of peak voltages and current the value
calculated for R = 2 KQ. Values of capacitor and inductor for
LC filter design is dependent on ripple factor:

2

I ms I I:2>C (2)

DC

RippleFactor =

Substitute values of I;msand Ipc will give ripple factor0.463. To
\Y

rms

at Vpeak = 1.6 V, and Iims = 0.566 mA, the value of X,= 2829
Q.The inductance can be calculated asX. = 2xzfL, where f is the
frequency, then L = 0.45H. To calculate the impedance of the
capactor:

calculate the impedance of the inductor: X, = reak . Therefore,

X, % Xe, V2

RippleFactor =
pp 3X,

But Xc1 = Xc2 = Xc

2
RippleFactor = XC—\E
3X
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Figure 6: Plot for rectifier filtered output (a) voltage, (b) current, and
(c) power.

Substitute the values of R, X, and ripple factoor, the calculated
value is X¢ = 74.6 Q. To achieve maximum filtering the
impedance must be higher than the impedance of the capacitor.
To calculate the value of the capacitor C:

1

=— 3

27 X, ®)
Substitute values of f and Xc, then the achieved C = 2.15 pF.Fig.
6 shows the resulting plots for pure voltage, current, and power
respectively. From these output plots the values of voltages and
current at the drain and source terminal have been deduced after
performing a transient analysis using the p-spice software.
However, values may not be exact but error from plots are
insignificant.From the plots it can be deduced that Vpc = 1.4 V,
loc = 0.6 mA, and Ppc = 1.03 mW.

4.2 Simulation Analysis of Designed Circuit (MOSFET
Based Absorber)

In this simulation analysis, four cases of reflection (19 dBm,13
dBm, 5 dBm, and 3 dBm reflection losses) from port-3 of the
circulator have been examined to determine the consistency of
various parameters used in the model [20, 21, 35-38]. At these
conditions, the values of Vps increases at the same rate as the
reflected signal because reflected signal varies directly as Vps:

1(Viea |
o
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Using (4) and formulas in previous sections, the input values of
voltages and currents of the rectifier have been calculated at
different condition of reflection from port-4 of the circulator and
recorded as shown in Table 2.

Table 2: Rectifier input terminal parameters

poner@emy | VM) | V™) | S | favor
19 16 2 08 0.463
13 0.45 1 022 0385
5 0.0065 04 0033 0.446
3 0.002 0316 0.001 0.443

Table 3: Rectifier output terminal parameters

Reflected Reflected Vins(V | |
RF power RF Voea(V) "”)S (r%eaAk) (nﬁ)
P(dBm) power(W)
19 0.080 2.7 2.0 0.80 0.56
13 0.020 144 1.0 0.22 0.15
5 0.0032 0.56 0.4 0.033 0.023
3 0.002 0.447 0.316 0.001 | 0.0007

At the output terminal of the rectifier the values of peak voltages
and current are pulsating as shown in Fig. 6 and Fig. 7. From the
simulation experiment these values were deduced from the
output plot, and its equivalent rms value generated and recorded
in the Table 3. From the plots the peak values and rms values of
current at the input and output terminal of the rectifier were the
same.

For a MOSFET to function effectively the values of applied
current and voltages must be pure rather than pulsating, to
generate a pulsating DC the output of the rectifier must be
filtered as explained in section IV(A) [29, 30]. Using the
formulas in section IV the value of capacitance C and inductance
L were calculated and recorded is shown in Table 4. With the
values of parameters in Table 2 and Table 4 the equivalent circuit
of the proposed model has been designed using the ps-pice
software as shown in Fig. 7. To run the simulation for the
proposed model, the threshold voltage of the MOSFET was set
t00.8 Vand the gate voltage was gradually increased until the
MOSFET was fully ON at9.5 V. After running the simulation,
the value of current and voltage at the source and drain terminal
of the MOSFET were measured at different reflection condition
from port-4 to verify the correctness of the relationship.

Table 4: Filter design parameters

Reflected RF power(dBm) L(H) C(uF)
19 0.450 2.15
13 0.478 3.22
5 0.450 3.12
3 0.455 33

1]
A D2 / D4
c1
11
L
R2 2.15uf
1.7k
)x 1
0.450h
J
vi c2
VAMPL = 44,662V 6 It
2.15uf
R1
] T2
010805 L x
0 ML ‘
D3 JANN) ! :‘
9.5V—

Figure 7: Circuit for MOSFET based absorber of reflected RF signal.

For MOSFET:

W

ls= |:/unC0X [Tj Ves —
W V,

ls= |:1uncox (Tj(vov _%j}\/m =

The purpose of the research is targeted towards using a
MOSFET to absorb reflected RF power in 5G base station the
relationship Is < Ip and Vps = 0 at the source terminal of the
MOSFET must be consistent for all cases of reflection from port-
4 of the circulator.

®)

Fig. 9 shows the plots of voltages at the drain and source terminal
of MOSFET, under 19 dBmreflection from port-4 of the
circulator. There is a voltage drop from 1.4 V to 0 V because of
MOSFET’s channel resistance which can be calculated as:

1 (6)

W
|:/unCox (L) VGS _Vti|

Similarly, values of voltages and currents at sources and drain
terminal were deduced from plots at different values of reflection
and recorded in Table 6. The MOSFET is said to have performed
its function of absorbing reflected radio frequency signal if and
only if the relationshipls < Ip and Vps = 0 at the source terminal
is satisfied, else, the model has failed. Using Table 4, in putting
the values of voltages and current into the relationship Is </pand
Vps = 0, at different values of reflected power from port-4 of
circulator the condition of MOSFET absorption was satisfied for
all values of reflection from port-4 of the circulator as shown in
Table 6.

RDS =
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Table 5: Source and drain parameters deduced from plots

Reflected Vs Vs Is Io
RF power (dBm) | (Volt, Source) | (Volt, Drain) (mA) (mA)
19 0.00 14 0.72 0.72
13 0.00 0.25 0.14 0.14
5 0.00 0.38 0.020 | 0.020
3 0.00 0.14 0.07 0.07

Table 6: Truth table condition for MOSFET absorption

Vps at source
Reflected power, P (dBm - 1s<I
P (dBm) terminal = 0 s=0
19 True True
13 True True
5 True True
3 True True
2.0V
1 jsend
]
|
oV —
_1. oy \oltage atidrair terminal fdr 19dBm reflectfon
Os 1.0ms 2.0ms
O VD (M1)
Time
(a)
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S ——
400uA ¢
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Figure 8: Plot for MOSFET drain (a) voltage, (b) current, and source
(c) voltage, and (d) current.

5. CONCLUSSION AND FUTURE WORKS

The proposed model has theoretically and practically confirmed
that the destructive interference caused by reflection from Ry
branch of a 5G base station can be avoided by using MOSFET
technology to absorb reflected radio frequency signal. In
addition to this, to verify the consistency of the model all values
of reflection from port-4 of the circulator met with the condition
for MOSFET absorption. Furthermore, a MOSFET was used in
this model because it has the advantages of working as a passive
element like resistor, capacitor, and inductor.

This research can be further extended by designing a DC to DC
boost converter for the source terminal of the MOSFET for the
purpose of modifying the primary DC currentto alevel required
to power high speed data converters like Digital to Analog
Converters (DACs), Analog to Digital Converters (ADCs), and
other communication devices used in 5G base stations.
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