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Abstract—A lossy transmission has negative effect on the
overall performance and efficiency of base station subsystems.
One key feature of 5G technologies is improved efficiency
compared to 4G technology. The 5G massive-MIMO base
station structure may suffer from these losses, which affect the
inclusive performance and efficiency of the base substation.
Furthermore, in the 5G technology, loss is anticipated due to the
reflection of signals from the receiver (Ry) branch connected to
the circulators in the 5G MIMO base station. This reflection
loss is due to the mismatched load impedance of the R, branch
with the source impedance of transmitter (T,) branch. The main
objective of this research is to use MOSFET to absorb the
reflected signal resulting from impedance mismatching between
the T, and R,. After that, two comparisons have been made
between source current and drain current of the MOSFET
mathematically, whenever there is a reflection from the Ry
branch of the base station. In addition, the proposed circuit
model has been presented by connecting the T, branch, antenna,
Ry branch, and the MOSFET to each of the ports of a four-port
circulator. A reflected RF power of 13 dBm at 1.4 V peak is
rectified to its equivalent DC value 1.004 V. However, these
values of current and voltage are pulsating and filtered at the
output end of the rectifier with the use of an LC Filter.

Index Terms—Base station, circulator, MOSFET, transceiver,
microwave device, nanotechnology, 5G, VLSI

l. INTRODUCTION

The 5G technology eventually increases data speed
about 15 Gbps or more, low latency compared to 4G
technologies, and more bandwidth for users [1]-[3]. This
next generation of mobile technology is vital for future
technologies like wireless gaming, virtual reality, self-
driving cars, etc. [4]. It will also useful for the operation
of internet protocol version 6, providing billions of users
with IP. The 5G technology uses spectrum in the existing
LTE frequency range between 600 MHz and 6 GHz and
the millimeter-wave between 24 GHz and 86 GHz [5]-[7].
These are very high frequencies, which results in small
propagation distance and small cell size as a result of
short-wavelength at high transmit frequencies.

Due to the poor propagation capabilities at high
frequencies, which result in small cell size, more
antennas required, which to be in cooperated into the base
station structure to improve further the coverage
performance of the base station [6], [8], [9].
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The system of putting the various number of antennas
into the base station structure to improve the performance
is called massive-MIMO (mMIMO). The 5G mMIMO
base station is designed to carry out both transmission
and reception of the radio-frequency signal. However, it
does this entirely with the help of a circulator placed
between all branches of the base station [10]-[15]. The
circulator functions as an isolator/duplexer of radio-
frequency signals. Furthermore, it is a microwave device
that has the specific property that each terminal is
connected only by the next clockwise terminal, means
port-1 is connected to port-2 only, port-2 is connected to
port-3, etc.

An active quasi-circulator at 30 GHz was designed and
fabricated by Chang et. al. [16] at TSMC 0.18-pm
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. [17] at standard
0.18-pm CMOS technology. An active quasi-circulator
MMIC was designed and fabricated by Shin et. al. [18] at
standard 0.18-pm CMOS technology. It combines the
common source, common gate, and common drain
configurations to improve the isolation between ports,
and improved insertion loss. Ayati et. al. [19] have
presented an adaptive circulator fabricated on 0.13-pm
CMOS. Dinc and Krishnaswamy [20] analyzed a 28 GHz
magnetic tree non-reciprocal passive CMOS circulator
based on Spatio Temporal conductance modulation.

The scaling of Silicon technologies has enabled the
exploration of Silicon-based millimeter-wave circuits and
systems for short-range 60 GHz wireless personal area
networks. These are now standardized as the IEEE
802.11ad as well as for automotive radars. With the 5G
cellular communication networks under development,
these circuits are more prevalent [21]-[23]. A novel three-
port active circulator was proposed by Moussa et. al. [24].
This circulator was composed of a phase divider with one
transistor and a special form of Wilkinson power splitter
operating as a power combiner.

In this present research work, MOSFET based
absorber has been designed for the application in the
reflected signal at 5G massive MIMO base station. Here
authors are using a four-port circulator to carry out
duplexing and isolating functions within the base station.
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The Ty branch, R, branch, MOSFET, and the transmit-
receive antenna (transceiver) branch are connected to
each port of the circulator. In addition to this, some losses
have been anticipated in the base station structure, and
one such loss is due to reflection of the signal from the R,
branch of the base station as a result of impedance
mismatch between the T, branch and R, branch. This

reflection affects the general efficiency of the base station.

To improve the working of this system, in this research

work, a model with the MOSFET has been used [25]-[27].

In this research work, authors have emphasized the
circuit designing for the circulator with the inclusion of
the MOSFET. This MOSFET has been used to absorb the
reflected signal from the circulator. The voltage (Vps or
Vpe) is applied to the MOSFET drain terminal resulting
in a flow of current from drain to source under
appropriate gate voltage condition. This current (lg) is
measured with the use of ammeter at the source terminal
of the MOSFET, and a relationship has been established
between the drain current (Ip) and the source current (ls).
In addition to this, MOSFET has a longer life span as
long as it is operated within its range, which gives the
stability in the circuit designing.

This paper is organized as follows. Section Il discusses
the components used for this work and its principles.
Section Il has the proposed model and its working.
Section 1V discusses the analysis of this circulator model.
Finally, Section V concludes the work and recommends
future aspects.

Il. COMPONENTS USED FOR THE PROPOSED MODEL AND
THEIR WORKING PRINCIPLE.

The main components of the proposed model are four-
port circulator and MOSFET. The working principle of
each of these devices and connection are explained as
follows (Fig. 1):

Input > Circulator a Output
. > H
Signal Signal
MOSFET

Fig. 1. Process for the design of the proposed MOSFET based circulator.

A. Principles of Circulators in 5G Base Station

The finding of simple, low loss way to hold Faraday
rotation constant over a broad-band (coupled with the
development of wide-band, high return loss, circular to
rectangular wave-guide transformers, and polarization
couplers) has made it possible to design and build a high-
quality circulator [28]. A circulator is non-reciprocal
(behavior in one direction is different from their behavior
in another direction), three-port or four-port device used
to regulate signal flow within a circuit. Power is
transferred from one port to the adjacent port in a
prescribed order. It is a device used for transmission in
which microwave or radio-frequency signal entering any
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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. The
circulator can be used as isolator/duplexer or can perform
both operations in transmission systems [29], [30]. For a
four-port circulator, four working/circulation condition
can be established as case-1: signal entering port-1, exits
the circulator via port-2, case-2: signal entering port-2,
exits the circulator via port-3, case-3: signal entering
through port-3, exits the circulator via port-4, and lastly
case-4: signal entering the circulator through port-4, exits
the circulator via port-1. Considering each of these cases,
the numbers in the circles clearly indicate the ports of the
circulator.

In this research work, the circulator has been utilized
with the use of two magic tees, each having four-ports
connected by a phase shifter [30]-[32]. The magic tee is
an 180° hybrid power divider that could be utilized as a
power divider or power splitter. The magic tee is made up
of two collinear arms, the H-arm and the E-arm. The
magic tees are placed parallel to each other, and the port-
2 of each of the magic tees are connected via a microstrip
line, and port-1 of the two magic tees are linked via an
180° phase shifter as shown in further subsections.

a) Case—1 (Port-1: in, port-2: out)

Applying the input signal as shown in Fig. 2 through
port-4 of the magic tee-2, which is the port-1 of the
circulator, it splits into two signals of equal magnitude
and the same phase. These signals exit through port-1 and
port-2 of magic tee-2 and travel to port-1 and port-2 of
magic tee-1. They enter into port-1 and port-2 of magic
tee-1, maintaining the same phase. Though the signal
from port-1 of magic tee-2 crosses an 180° phase shifter
before it enters port-1 of magic tee-1, its phase remains
the same because the power shifter works in one direction.
Since signals entering port one and two of magic tee-1
are in the same phase, they recombine and exits through
port-4 (H-arm) of magic tee-1, which happens to be the
port-2 of the circulator. It exits through the H-arm
because the condition for outputting a signal states that
whenever two signals combining to produce an output are
in the same phase, their output must always exit through
the H-arm of the magic tee. In this case, the magic tee-2
acts as RF splitter while the magic tee-1 acts as RF
combiner.
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Fig. 2. Port-1 is for in, and port-2 is for output.
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b) Case — 2 (Port-2: in, port-3: out)

Applying the input signal as shown in Fig. 3 through
port-4 of magic tee-1, which is the port-2 of the circulator,
it splits into two signals of equal magnitudes and same
phase, these signals exit from port-1 and port-2 of magic
tee-1 and move towards magic tee-2. Signals from port-2
of magic tee-1 enter port-2 of magic tee-2, maintaining
the same phase and magnitude, signals from port-1 of
magic tee-1 experience a phase shift, and changes its
phase as it enters port-1 of magic tee-2. The signals at
port-1 and port-2 of magic tee-2 are equal in magnitude
but opposite in phase. Recall if the inputs are of opposite
phase the signal will exit through the E-arm of magic tee-
2, which is the port-3 of the circulator. In this case, the
magic tee-2 is functioning as a combiner of radio-
frequency signal while the magic tee-1 is functioning as a
splitter of the RF signal.
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Fig. 3. Port-2 is for in and port-3 is for output.

c) Case — 3 (Port-3: in, port-4: out)

Applying the input signal, as shown in Fig. 4 through
port-3 (E-arm) of the magic tee-2, it splits into two
signals of equal magnitude opposite phase. These signals
come out through port-1 and port-2 of magic tee-2 and
move towards the port-1 and port-2 of magic tee-2,
maintaining the same split magnitude and phase at which
they came out of the ports of magic tee-2. Though the
signal from the port-1 of magic tee-2 encounters an 180°
phase shifter, the phase of the signal does not change
because the phase shifter works in only one direction.

RF signal cut

{4)
MAGIC TEE L —
Port 3 <

Eanm, =
Nochange in phase

p
"/ gher TEEL

g
O
G
Rees 5y
S
Sy
Tey
%

Fig. 4. Port-3 is for in, and port-4 is for output.
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Now, signals are entering into port-1 and port-2 of
magic tee-1 recombines and exit through port-3 (E-arm)
of magic tee-1, which is the port-4 of the circulator. This
is because whenever signals in the opposite phase, they
always exit through the E-arm. In this case, the magic
tee-1 is acting as a radio frequency signal combiner while
the magic tee-2 is acting as radio frequency signal splitter.

d) Case — 4 (Port-4: in, port-1: out)

Applying the input signal, as shown in Fig. 5 through
port-3 (E-arm) of magic tee-1, which is the port-4 of the
circulator, the signal splits into two signals of equal
magnitude and opposite phase. Now they have the
opposite phase because they are coming through the E-
arm. The signals will exit from port-1 and port-2 of the
magic tee-1 and move towards port-1 and port-2 of magic
tee-2. The phase of the signal from port-2 of magic tee-1
remains the same as it gets to port-2 of magic tee-2 but
the phase of signals from port-1 of magic tee-1 changes
as it crosses the 180° phase shifter. The resulting signals
of port-1 and port-2 of magic tee-2 have the same
magnitude and same phase. Recall that when signals are
in the same phase, they combine and exit through the H-
arm. In this case, signals of port-1 and port-2 of magic
tee-2 combine and come out as output through port-4 (H-
arm) of the magic tee-2, which is the port-1 of the
circulator.
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Fig. 5. Port-4 is for in and port-1 is for output.

The S matrix for a four-port circulator is represented as:

Su S Sz Sy 00 01
S = S S» S Su =100 0
Ss1 S Sz Sy 0100
Sy Sz Siz Su 0010

1)

At 5G regime of frequencies, the concept of voltages
and currents become complex to analyze the circuit
performance. The S-matrix or S-parameters is used to
overcome this situation, which could have occurred when
H, Y, Z, and A, B, C, D parameters are used to
characterize the circuit performance. The S-matrix of a
four-port circulator has been analyzed for the proposed
model.
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B. MOSFET Modes and Principle of Operation

The Metal Oxide Semiconductor Field Effect
Transistor (MOSFET) is an insulated gate field effect
transistor, widely used integrated circuit in electronic
devices [33], [34]. It can function as a switching device,
amplification device, etc. in electronic signal
transmission. A MOSFET can be operated in two modes:
enhancement mode and depletion mode [35, 36]. Each of
these modes is dependent on the corresponding condition
of the MOSFET in ON and OFF state at zero gate-source
voltage. Enhancement mode MOSFET is commonly used
as a switching element in most integrated circuits. This
device is always OFF at zero gate voltage, they can only
be turned ON by making the gate voltage higher than the
source voltage or making the source voltage higher than
the gate voltage. When these two alterations are carried
out, then two types of enhancement MOSFET are formed
the N-MOSFET or N-channel MOSFET and the P-
MOSFET or P-channel MOSFET.

To form an N-MOS, the gate voltage is made higher
than the source voltage while the P-MOS can be formed
by making the source voltage higher than the gate voltage
when this happens, the threshold voltage will either be
positive or negative. The threshold voltage can be
calculated using Vy= Vg - Vs. Traditionally, V, is positive
for enhancement N-MOSFET and is negative for
enhancement P-MOSFET [285], [33]-[36].

Oxide (SiO,)

Source
region

p-type substrate
(Body)
Channel

region

Drain region

Fig. 6. The physical structure of enhancement type N-MOSFET [25].

Special attention has been given to the N-channel
MOSFET because it forms the bases of this research
work. Furthermore, the MOSFET is a symmetrical device,
meaning its source and drain can be interchanged with no
change in the device performance characteristics. Fig. 6
shows a basic structure of N-channel MOSFET.

I1l.  PROPOSED MODEL (WITH THE CIRCULATOR AND
PORT CONNECTIONS TO MOSFET IN 5G BASE)

The proposed design is shown in Fig. 7 of the
circulator, which has four-port, and each of these ports
(port-1, port-2, port-3, and port-4) are connected to the T,
branch, antenna, R, branch, and the MOSFET. The
MOSFET, in this case, is N-channel enhancement
MOSFET, which absorbs the reflected signal from the Ry
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branch as a result of load mismatch. In the physical layer,
the mMIMO technique and high GHz frequency bands
are two promising trends for adoption in 5G technology
[37]-[40]. Millimeter-wave bands such as 28, 38, 64, 71
GHz were previously considered.

PORTS
R

—h Em BRANCH
(] F-RAGRANCH |

/

TX RRANCHM
/ REFLECTED RF
PORT4 ’4 \ o
STONAL FROM
MISMATON
Source Gate Drain RSMAY

RECTPSL R CIRC LT

Fig. 7. Proposed model of MOSFET based absorber (with the reflected
signal in 5G mMIMO base station).

The modulated RF signal from the T, branch of the
base station flows into the circulator via the port-1 of the
circulator. 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 that performs the function
of propagating the RF signal into space. The propagated
RF signal is received by the transceiver of a neighboring
base station, the signal enters into the circulator via the
port-2 of the circulator in the neighboring base station
and its outputted through port-3 which has the R, branch
connected to it. Whenever there is a mismatch between
the T, of the transmitting base station and the Ry branch
of the neighboring base station, some of the signal will be
reflected back. The reflected signal from the port-3 of the
neighboring base station exits the circulator via its port-4,
which has a rectifier and N-channel MOSFET. The
rectifier with a filter converts the AC voltage of the
reflected signal into DC voltage before it is applied to the
drain terminal of the MOSFET for absorption as shown
above.

Applying a positive voltage to the gate terminal of the
MOSFET creates a channel for the rectified current
component of the reflected signal to flow from the drain
terminal to the source terminal of the MOSFET [25], [35],
[36]. The current is measured at the source terminal to
determine the level of reflection, which is the main
objective of this work to connect MOSFET. If the current
at the source terminal is zero, it means there is no
reflection from the R, branch. However, if the current at
the source terminal is greater than zero, it means there
was a reflection from the R, branch and it has been
absorbed by the MOSFET. This current can be
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observed/measured by an ammeter or can be used for
further applications.

V. PARAMETRIC ANALYSIS AND ITS DISCUSSION

In this research work, the 28 GHz band has been
considered for which the base station transmission power
is 43 dBm (equivalent to 20 W peak power) for 50 Q
resistance system using Pgsn = 10log(pso). To calculate
peak voltage the used expression is [25]-[27], [35]:

V 2
Pow s0) = %( &Ek ] x1000 )

For power 20 W, the received Vpeu is 44.6 V. To
calculate the peak current used expression is Ppea = lpeak
X Vpeak SO lpeax Will be 447 mA. From the above analysis,
the peak transmission power, voltages, and current in the
Ty branch of a 28 GHz band 5G base station are 20 W,
44.67 V, and 0.447 A, respectively. The RF signals are
alternating in nature, so all values of voltage, current, and
power are AC values. When this signal is received at the
R, branch connected to the circulator, not all the signals
are absorbed by the R, circuit. Some of them are reflected
back as a result of mismatch, creating a high Voltage
Standing Wave Ratio (VSWR), causing the signal to be
reflected. Since the circulator is a non-reciprocal device
the reflected signal will go out through the port-4 of the
circulator into the rectifier circuit, converting the AC
power, voltages, and current into its DC equivalent before
it is applied to the N-channel enhancement MOSFET as
shown in Fig. 7.

Assuming that the reflected signal power is 13 dBm,
applying the formula for peak power, voltages, and
current will be able to get the peak power 19.95 mW,
peak voltages 1.42 V, and peak current 14.04 mA. Since
the reflected signal is coming out of port-3, which is the
Ry branch, the signal exit through port-4 of the circulator
where the N-channel MOSFET is connected. Since these
values are AC, therefore, they rectified to DC values by a
rectifier connected between port-4 and the MOSFET. The
DC components of voltage and current can be calculated
as 1.004 V (Vps) and 9.93 mA (Ip). These are the values of
voltage and currents after rectification that will be applied
to the drain terminal of the N-channel MOSFET.

Now for drain current Ip to flow from drain to source a
channel has to be created between the drain and the
source, to form this channel a positive voltage is applied
to the gate terminal of the MOSFET and the source
terminal is grounded. The maximum allowable gate
terminal voltage for most MOSFET is £20 V applying a
voltage higher than this will cause damage to the
MOSFET. This maximum allowable voltage is set at the
MOSFET design stage. In this case, 2 V has been used for
further design.

After grounding the source terminal and applying a
positive voltage of 2 V to the gate terminal, the gate
voltage appears between the gate and the source (Vgs). As
soon as Vgs is applied, the free holes underneath the gate
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are repelled further down to the base of the substrate
leaving behind a career depletion region. Electrons from
both the drain and source regions are attracted to the base
of the gate terminal. When a sufficient number of
electrons accumulate in the carrier depletion region, a
channel is formed connecting the drain and the source n*
regions. The channel formed in this case is called N-
channel or inversion layer. As soon as this channel is
created between the source and the drain regions, the
current Ip carried by mobile electron flows through the
induced N-channel region.

After creating a channel for the flow of current I from
drain to source, the rectified voltage from the circulator is
applied to the drain terminal, and current Ip flows from
drain to source. As move along the channel from drain to
source the value of Vpg decreases because of the
resistance of the channel. This value will be measured
with the use of a voltmeter at the source terminal of the
MOSFET. In addition, the value of current Isat the source
terminal can be measured by using an ammeter and can
be calculated theoretically by [25-27]:

IS = |:/uncox (Vrvjvov :|VDS (3)

The current I at the source terminal of the N-channel
MOSFET connected to port-4 of the circulator can be
calculated using Eg. (3). In addition, as current travel
along the channel from drain to source, there is a voltage
drop along the channel from drain to source region. This
voltage drop is as a result of the channel resistance (Rps),
which can be calculated by [25], [26], [35]:

1

]

where W and L can be selected by the device designer to
give the V-l characteristics desired for the given
fabrication process. The source current Is can be
calculated or measured with the use of an ammeter.
Finally, the current I at the source terminal is less than or
equal to the sum of the current Ip at the drain terminal
and the gate current Ig, which is 0, therefore:

I <1+, o
5
<1,

R

Since the reflected signal from the port-4 of the
circulator is rectified to produce a drain current Ip of 9.9
mA at 1.004 V drain to source voltage (Vps) this drain
current value will be greater than or equal to the current I
at the source terminal when measured with an ammeter
because of the resistance of the channel. Recall I = 9.9
mA, therefore, using Eq. (5), it can be calculated that I <
9.9 mA.

In the case where the reflection from port-3 of the
circulator is small, the value of Vps is also small, the
MOSFET behaves as linear resistance Rpg above whose
value is controlled by the gate voltage Vgs. The
characteristics curve of the current Is and voltage Vps
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when the reflection from port-3 is small, resulting in a
small value of Vps as shown in Fig. 7. Due to Is< Ip, it is
possible for the reflected signal coming out from port-3
entering into port-4 to increase and become large. At this
condition, the values of Vps will increase at the same rate
as the reflected signal because the reflected signal varies
directly as Vps. In this case, the resulting characteristic
curve of current Is, and voltage Vps at the source terminal
of the N-channel MOSFET is not the same.

This change in the characteristic curve of current I,
and voltage Vps is a result of the increase in the channel
resistance because as voltage increases hence the
resistance increases. In addition to this, another
characteristic of the MOSFET that changes is the
overdrive voltage. This MOSFET characteristics changes
from V,, to a value that is dependent on the average value
of Vps along the channel:

_ _ Vs
Vov - Vov 7 (6)

Furthermore, increase in reflection causes the channel
to become more tapered and the current Is at the source
terminal can be represented as:

IS = |:tuncox [\ﬂj(vov _\%j:|VDS < ID

L )

The characteristics curve of the current Is and voltage
Vps When the reflection from port-3 is increasing. This
increase results in an increase in the value of Vps.

As stated earlier, it is not feasible for a transmission
system to be totally lossless, and the 5G mMIMO base
station is not an exception to this fact. Reflection is
bound to occur whenever there is a mismatch between the
T, branch and R, branch of the base station. When the
reflection is coming out from the port-4 of the circulator,
it is not applied directly to the MOSFETS drain terminal
because it is alternating in nature, so it needs to be
rectified before it is fed into the MOSFET drain terminal.
From the analysis of the proposed model, the reflection is
bound to occur under two conditions:

1) When the reflection from port-3 of the circulator is
small and almost constant resulting in a small and
almost constant value of Vpg, hence:

w
Is= |:/unCox (Tj Ves -V t:|VDS <lp

Since the value of Vpgis kept small, it behaves like a

linear resistance whose value is controlled by Vgs.

The characteristics curve of the current Isand voltage

Vps is captured in Fig. 6 and Fig. 7.

When the reflection from port-3 of the circulator is

increasing, resulting to an increase in the value of
_Yos

el

where Ip is 9.9 mA. Since the value of source current
Is is a function of the channel resistance (as in Eq.
(4)), getting the true value of Is allows for

2)

w \Y/
lo=| uC,| —
S |:/un ox( L
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comparison to check if truly Is < Ip as stated in the
proposed model analysis.
This proposed model is modest in its structure,
implementation, and low power consumption of the
MOSFET.

V. CONCLUSIONS AND FUTURE RECOMMENDATIONS

Interference caused by signal reflections from a
circulator in 5G base station (for unmatched termination
between the T, branch and R, branch) was analyzed. The
proposed model has theoretically proved that destructive
interference caused by reflection from R, branch can be
avoided by using MOSFET technology to absorb the
signal. Also, various current and voltage relationships of
the reflected signal were established for the proposed
model.

A comparison of the theoretical and practical values of
voltage and current components of the reflected signal
can be extended in the future with the help of simulation.
In this work, the current has been observed/measured by
the ammeter. This can be extended to use for specific
applications. Further, Z, H, Y, and A, B, C, D can be
measured at microwave frequencies with suitable devices
at the port of the circulator.
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