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Abstract-Circulator plays a crucial role in the operation 
of full-duplex radio systems. The major challenge in achiev- 
ing full-duplex architecture is to isolate the transmitter (TX) 
channel from the receiver (RX) one. In this paper, an active 
circnlator based on three bridged-T networks which consist of 
several peaking inductors exploiting a standard 0.18 µm CMOS 
technology is designed. It is capable of boosting the isolation 
between the TX and RX channels over a wide frequency range. 
As part of the proposed circulator design, a tuning platform is 
devised to explore the impact of various design variables of the 
peaking inductors on radio frequency benchmarks. It regulates 
the isolation and insertion loss of the proposed circnlator through 
the assessment of scattering parameters. The simulation results 
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indicate that behveen the TX and RX channels, a maximum 
isolation of 43.38 dB at 9.6 GHz is achieved while maintaining at 
least 30.08 dB of isolation over the whole X-band. The proposed 
circnlator exhibits promising characteristics as a potential choice 
for duplexers where substantial isolation and wide bandwidth are 
paramount. 

Index Terms-full-duplex communication, circulator, peaking 
inductor, CMOS, isolation, insertion loss. 

 
I. INTRODUCTION 

To address the escalating requirements of data transmis- 
sion in radio systems, there has been a persistent endeavor 
to augment the frequency range and enhance their spectral 
efficiency. This is accomplished through the reinforcement of 
operating bandwidths and the implementation of sophisticated 
modulation methodologies. One potential approach to expand 
the radio band by two times maintaining a consistent fre- 
quency for simultaneous signal transmission and reception is 
to explore the implementation of an in-band full duplexing 
(IBFD) method [l}-[3]. The primary obstacle encountered 
within an IBFD setup pertains to the suppression of self- 
interference (SI) between transmit (TX) and receive (RX) 
channels. Various techniques such as the implementation of 
multiple antennas, electrical balance duplexers (EBDs), and 
circulators have been proposed as potential means to mitigate 
the effects of SI [4]. As the utilization of multi-antenna 
technology necessitates the incorporation of several antennas 
in each channel of the transceiver system, they might not be 
more cost-effective than the monostatic antenna system. The 
EBD requires a singular antenna for each channel; however, 
they are unsuitable for better area and bandwidth management. 
On the other hand, circulators as shown in Fig. 1 used as 
the shared antenna interfaces exploiting the nonreciprocity of 
active devices have emerged as an up-and-corning altema- 

Fig. l. CMOS circulator in a monostatic full-duplex system [14]. 

 

 
Fig. 2. Schematic of the proposed CMOS circulator. 

tive owing to their better bandwidth manipulation, compact 
dimensions, and cost-effectiveness. Transistor-enabled active 
circulators limit high isolation bandwidth between the TX 
and RX, and a low insertion loss simultaneously. A number 
of active circulators have been proposed recently to meet 
the demand of high isolation where inductive peaking is 
employed for bandwidth enhancement [5]-[8]. Passive filtering 
including series and shunt peaking has been exploited to 
broaden amplifier bandwidth [9]-[13]. However, the impact of 
these peaking inductors on radio frequency (RF) benchmarks 
including isolations, insertion losses, and return losses has not 
been well addressed. 

In this paper, an active circulator operating at X -band with 
an isolation of at least 30.08 dB between the TX and RX which 
is suitable for monostatic IBFD radar applications is proposed 
exploiting peaking inductors optimization in a standard 0.18 
µm CMOS technology. To the best of the authors' knowledge, 
this is the first paper to explore the impact of the different 
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Fig. 3. Regulation of inductor parameters (a) number of turns (Lt), (b) inner radius (Lrad), (c) width (Lw), and (d) inter-tum spacing (Ls) on TX-RX 
isolation (S31). 
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Fig. 6. Layout of the proposed CMOS circulator. 
 

attributes of peaking inductors i.e., inductor width, number 
of turns, etc. on performance metrics including isolation and 
insertion loss through the assessment of circulator port pa- 
rameters while satisfying the requirements of RF benchmarks 
including better bandwidth regulation. 

IL PROPOSED CMOS CIRCULATOR DESIGN 
 

In this work, a three-port CMOS circulator in a standard 
0.18 µm CMOS technology using three bridged-T networks 
(BTNs) is proposed as shown in Fig. 2. Here ports denoted as 
1, 2, and 3 of the circulator are linked to the TX, antenna 
(ANT), and the RX, respectively. Pi and P3 are mutually 
disconnected from one another and are interconnected to 
synthesize a circulator with a ring-like configuration. The 
BTN is a three-terminal asymmetric system with a bandstop 
characteristic of 1S31I [5]. The green dotted line in Fig. 
2 marks a single BTN. The input capacitor (Gin), output 
capacitor (Gout), and feedback resistor (R1) are the funda- 
mental components of the BTN. Moreover, the BTN employs 
a grounded inductor (Lin) to amplify the cancellation of 1S311 

and a cascode amplifier to yield boosted gain and isolation 
between theP2 and P3 for maximum transmission ratio. The 
cascode architecture includes the Common Source (CS) stage 
(M1) and Common Gate (CG) stage (M2). R9 is a high- 

  
:g,-36 
C: 

 
 

 
-48 

 
w- 

-Lw= 14µm 

 
 
--Ls-4.0µm 
--Ls= 8µm 

Ls= 3.6 
--Ls= 3.4 µm 



507 

Authorized licensed use limited to: Univ ofTexas at Dallas. Downloaded on January 29,2025 at19:14:37 UTC from IEEE Xplore. Restrictions apply. 

 

"O 

TABLE I 
COMPARISON WITH RECENTLY REPORTED WORKS 

 

Metric [15] [16] [17] This work 
 

Technology 0.65-µm CMOS 0.22-µm FDSOI 0.13-µm CMOS 0.18-µm CMOS 
Frequency (GHz) 6-7.5 60 2.45 8-12 

1S111 (dB) >10 8.5 6 8.8 
IS22I (dB) >10 25 10 9.66 
1S331 (dB) >10 8.8 11 10.l 

Insertion loss, 1S21I (dB) 6.47 6 >3.2 <7.42 
Insertion loss, 1S32I (dB) 6.78 6.5 >6.97 <7.27 

Isolation, 1S311 (dB) 16.92 22 >20 >30.08 
Noise Figure (dB) 8.16 NIA 6.5 4.8 

Area (mm) 1.53 NIA NIA 0.38 
Power handling (TX-ANT) (dBm) 17.3 10.18 8 20 

Power dissipation (mW) NIA 6 121 7.6 
All tabulated data are based on simulation. 

 
co" -9 
:3,-12 
<fl 

 
-TX(S 
--ANT 

 
...J -15 

:C5-18 
ai -21 
a:: -24 

 
 
 

 
1 --------------------- + 

8 9 10 11 
Frequency (GHz) 

(a) 

 
Frequency (GHz) 

(b) 

8 9 10 11 12 
Frequency (GHz) 

(c) 
5.4 ------- 

ms.3 
--;s.2 
5.1 

U::: 5.0 
(l) 

·54.9 
24.8 

1 ----------------------- < 

 

-40 
-60 

E -so 
-100 

-:::.-120 

a...5-140 

-160 
-180 
1 ----------------- ,--, 

8 9 10 11 
Frequency (GHz) 

(d) 

12 -40  -20 0 20 40 
P;n (dBm) 

(e) 
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figure (from ANT to RX), (e) I dB compression point. 

value resistor providing a DC path to the gate of transistors. 
As discussed earlier, one of the design pitfalls in devising 
efficient IBFD systems exploiting circulators is to achieve 
high isolation bandwidth and at the same time low insertion 
loss. Here, inductive peaking (Lout) is employed in order to 
enhance the bandwidth. However, Lout should impact other 
performance metrics like TX-RX isolation, and insertion loss 
from the TX to ANT and the ANT to the RX. In Fig. 3, 
the regulation of different design variables of the peaking 
inductor, Lout on TX-RX isolation (S31) are explored. Fig. 
3(a) demonstrates the impact of the number of turns (Lt) on 

S31 revealing that as Lt increases S31 degrades. While Lt 
is tuned in Fig. 3(a), other inductor variables including inner 
radius (Lrad), width (Lw), and inter-tum spacing (Ls) are set 
to 36 µm, 14 µm, and 4 µm, respectively. In Fig. 3(b), Lrad 
is modulated keeping Lt, Lw, and Ls as 3, 14 µm and 4 µm 
respectively pertaining that as Lrad increases S31 degrades but 
the peak of S31 remains constant with the change in frequency. 
Lw is tuned in Fig. 3(c) while Lt, Lrad, and Ls are fixed to 
3, 36 µm, and 4 µm, respectively, where it is noticed that 
as Lw increases, S31 improves. Finally, Ls is regulated in 
Fig. 3(d) placing Li, Lrad, and Lw as 3, 36 µm, and 14 µm, 
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respectively referring that S31 remains almost the same with 
the modulation of Ls. From Fig. 3, it can be concluded that 
to boost S31, Lt and Lrad are needed to be decreased while 
Lw demands to be increased. In a similar fashion, the impacts 
of design variables of Lout on the insertion loss from ANT 
to RX (S32) and TX to ANT (S21) are explored in Fig. 4 
and Fig. 5, respectively, where it is proved that to improve the 
insertion losses, Lt and Lrad are needed to be increased which 
is the opposite case of isolation in Fig. 3. On the other hand, 
from Fig. 4(c) and 5(c) it is noticed that the peaks of S32 
and S21 shift with frequency meaning a resonant frequency 
band is formed with the tuning of Lw. Also, from Fig. 4(d) 
and 5(d), it can be seen that insertion losses are almost the 
same with the tuning of Ls as in the case of isolation. As it is 
observed that Lt and Lrad impact the isolation and insertion 
loss in a non-harmonic fashion, a trade-off is demanded to 
meet the design specifications. Also, the value of Lw should 
be tuned to boost the isolation and minimize the insertion loss 
at a desired frequency. 

Ill. SIMULATION RESULTS 

The proposed circulator is designed in the 0.18 µm CMOS 
process. The layout of the proposed active circulator is de- 
picted in Fig. 6. The area requirement of the circulator is 
0.51 mm x 0.74 mm. Fig. 7 demonstrates the simulated 
return losses, isolation, insertion losses, and noise figure (NF) 
of the proposed circulator with optimized peaking inductors. 
Matching at TX, ANT and RX is less than 9 dB over the whole 
frequency range as demonstrated in Fig. 7(a). The simulated 
TX-RX isolation 1S31I (from transmitter to receiver) is a 
minimum of 30.08 dB within the whole frequency spectrum as 
depicted in Fig. 7(b). Finally, Fig. 7(c) represents the insertion 
loss IS21I (from TX to ANT) and 1S321(from ANT to RX) 
being lower than 7.42 and 7 .27 dB, respectively within the 
operating band. Promising figures for insertion loss can't be 
achieved as the on-chip inductors suffer from low-quality 
factors. An NF of 4.8 dB from ANT to RX is achieved at 
9.3 GHz as depicted in Fig. 7(d). Power handling capacity is 
calculated from 1-dB compression point as demonstrated in 
Fig. 7(e). 

Table I compares the efficacy of the proposed design to 
the current state-of-the-art It is capable of achieving 4-GHz 
bandwidth (X-band) with TX-to-RX isolation of at least 
30.08 dB while consuming only 7.6 mW of power. Following 
the proposed tuning scheme for the design variables of the 
peaking inductor, the proposed CMOS circulator is capable of 
achieving the highest isolation while maintaining a comparable 
figure for the insertion loss. 

IV. CONCLUSION 

An active circulator employing peaking inductors to achieve 
high isolation bandwidth was designed for this work using a 
standard 0.18 µm CMOS process. Different design variables 
of the peaking inductor were regulated to accomplish a better 
trade-off between the isolation and insertion losses of the pro- 
posed circulator. This study is capable of achieving wideband 

operation, boosted isolation, and comparable insertion loss 
competitive with that of leading-edge active circulators. 
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