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Design of An Impedance Transforming Circulator

in 130nm CMOS
Kaustubh Pabba, Student Member, IEEE, Imon Mondal, Member, IEEE

Abstract—This project report describes an impedance-
transforming circulator (ITC) designed and simulated in 130nm
CMOS for 1GHz operation. The inherent impedance transform-
ing ability of quarter-wave transmission lines is exploited in the
circulator core to facilitate efficient co-design of circulator-PA-
LNA transceiver architecture. The designed circulator incorpo-
rates clock-boosting in the gyrator section clocking to improve
linearity by avoiding the possibility of false switching. The
simulated TX-ANT/ANT-RX transmission losses at the frequency
of operation are 3.3dB and 4.5dB, respectively. The circulator
achieves a simulated TX-RX isolation of 25dB across 100MHz
BW centered at 1GHz while consuming 48mW DC power.

Index Terms—Circulators, CMOS, full-duplex (FD),
non-reciprocity, clock boosting, impedance transformation,
impedance transforming circulator (ITC).

I. INTRODUCTION

Fully Duplex (FD) wireless systems constitute a wide range

of systems that can transmit and receive simultaneously and at

the same frequency. Such systems possess twice the network

capacity at the physical layer. Subsequently, FD systems would

enable the realization of higher data standards, and possibly

higher link ranges with the utilization of relays/repeaters. One

of the fundamental hurdles in realizing such systems is the

conception of the antenna interface. The approaches taken in

the past have had their fair share of issues as follows: CMOS

incompatibility due to the usage of magnetic components,

higher form factor, and having a fixed minimum fundamental

loss. Recently, non-reciprocal magnet-free circulators were

demonstrated by exploiting time variance, making such im-

plementations automatically viable for integration into CMOS

systems. However, in these existing architectures [1], [2], and

[3], the power amplifier (PA) at the TX port, and the Low

Noise Amplifier (LNA) at the RX port, are conditioned to be

functioning in a 50Ω interface, i.e., by having an impedance

equivalent to that of the antenna. Such design choices translate

into sub-optimal PA efficiency and RX Noise Figure (NF),

which are critical aspects related to the design of an RF

transceiver.

With the incentive to leverage the full potential of the

circulator, this project proposes an architecture that exploits

the inbuilt impedance transforming ability of quarter wave

transmission lines to facilitate the efficient co-design of

circulator-PA-LNA transceiver architecture. This impedance-
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transforming circulator is designed in 130nm CMOS and

operates at 1GHz.

II. WORKING PRINCIPLE
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Fig. 1. Impedance Transforming Circulator Concept

Fig. 1 shows the conceptualized circulator facilitating

impedance transformation. The quarter-wave transmission

lines are designed to match both ends to their corresponding

impedances. To build the circulator, a 3λ/4 ring is wrapped

around a non-reciprocal section called as the gyrator, which

consists of a transmission line sandwiched between two sets

of transistor switches, whose clocks are phase shifted with

respect to each other. This gyrator element provides a non-

reciprocal phase shift of 180◦ between the forward and reverse

directions across a theoretically infinite BW. Such a condition

is observed when the transmission line delay and clock phase

shifts are given by Tm = m×T0/4, where m is the modulation

index and T0 is the period of the fundamental signal passing

through the circulator. For modulation indices taking the form

of odd integers, the circulator core and the gyrator provide

phase shifts of (-270◦, -90◦) and (-270◦, +90◦) for waves

traveling from each port in the clockwise (CW) and anti-

clockwise (ACW) direction respectively. Consequently, waves

end up canceling themselves in the ACW direction, lending to

the sustenance of waves in the CW direction.
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III. DESIGN CHOICES & SIMULATION RESULTS
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Fig. 2. Impedance Transforming Circulator Schematic

Fig. 2 shows the circuit schematic of the impedance-

transforming circulator in differential mode. As shown, the

λ/4 transmission lines have impedances ensuring matching on

both ends of each line. Π-type CLC sections with a finite bragg

frequency (ωB) are used as lumped approximations for the

transmission lines in the circulator core. Using the same CLC

model for the gyrator transmission line gives higher losses

as the switches act like frequency mixers, splitting the input

power to different harmonics. To facilitate minimum power

loss, one must design the line by ensuring its ωB is as high as

possible. Hence, a hybrid Π-CLC section is used to design the

gyrator transmission line as it has a higher ωB when compared

to the Π-type CLC model. EMX-simulated differential spiral

inductors with an octagonal geometry are used in the CLC

sections that approximate the transmission lines.
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Fig. 3. Clock-Boosting Concept

A modulation index of 3 is assumed to design this 1GHz

circulator, which requires the gyrator clocks to operate at

0.333GHz. For high enough TX power and limited clock

swing, the transistor switches on the left end of the gyrator

can undergo false switching. A clock-boosting mechanism

is incorporated into the clocking circuitry to avoid the non-

linearities induced by this false switching phenomenon. This

mechanism helps in boosting the swing from VDD to 3VDD

by shifting the high and low of a 0-VDD signal by +VDD

and -VDD each. A capacitive-based level shifting circuitry, as

shown in Fig. 3, is used to shift the levels and is similar to

the circuit described in [3].

Fig. 4. Simulated Insertion Losses

Fig. 5. Simulated Reverse Transmission Losses

IV. CONCLUSION

Figs. 4 and 5 depict the PSP simulation results of the circu-

lator. TX-ANT/ANT-RX transmission losses of 3.3dB/4.5dB

across a 100MHz BW centered at 1GHz. The simulated TX-

RX isolation is higher than 25dB across this same bandwidth.

Simulations indicate an overall power consumption of 48mW

at the frequency of operation. Including a clock-boosting

mechanism helps reduce the power consumed compared to

conventional circuitry, which uses a chain of cascaded invert-

ers.
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