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Synopsis
Traditional MRI employs time division duplexing between the receiver (RX) and transmitter (TX) to avoid RX saturation from TX self-interference. Large switching time
between the TX and RX modes demands large TX power and constricts the imaging to tissues with large relaxation times. In this work, we propose a magnetic-free, switchtransmission line circulator which is fully compatible with MRI systems and achieve simultaneous transmit and receive (STAR) MRI.

Introduction
Transmit (TX) and receive (RX) in a conventional magnetic resonance imaging (MRI) system are duplexed in time to protect the RX from the strong TX self-interference (SI).
Large switching times between the TX and the RX modes demands strong radio frequency (RF) signal to be incident on the tissue and also limits its application in imaging
tissues with very short relaxation times. Simultaneous transmit and receiver (STAR) MRI, on the other hand, can address these issues by operating TX and RX at the same
time, potentially reducing the TX peak-power requirement to 1% of the conventional MRI systems [1], and enabling signal accusation with ultra-short relaxation times [2].
In-band STAR systems are also explored in wireless and radar systems in form of full-duplex wireless to double the channel capacity and FMCW radar systems for e cient
target detection. However, achieving large TX SI suppression is a critical bottleneck in all of these STAR systems [2],[3]. Typically, >100dB SI suppression is required and is
achieved across multiple stages including antenna interface, analog/baseband cancellation, and digital cancellation [2],[3]. Circulators and reciprocal hybrids are
commonly used as antenna interfaces. Traditionally circulators are implemented using ferrite materials which are incompatible with MRI systems. Recent research has
shown the possibility of realized integrated circulators without using magnetic materials through spatio-temporal conductivity modulation [4]-[7] . Building on our work on
di erential MRI circulator at 167MHz [7], in this work we present a non-magnetic, switched transmission-line based circulator with single-ended ports thereby omitting the
need for di erential-single-ended baluns and their losses. Additionally, we demonstrated the capability of in-built isolation tuning by altering the clock waveforms. Our
circulator which is designed to operate with a 1.5 Tesla eight-channel TEM head coil and achieves a transmission loss of 6.1dB and 5.8dB in the TX and the RX paths
respectively, while achieving a TX-to-RX isolation of 75dB at 64MHz.

Operation Principle of the Switched Transmission Line Circulator
Fig. 1(a) shows the circuit diagram and the operation of a single-ended phase-nonreciprocal element which was leveraged to realize a non-reciprocal circulator shown in
Fig. 1(b). It consists of two transmission-line segments which are sandwiched between switches that are modulated using square wave clocks which are staggered
modulated signals with a modulation period Tm. The switches on the left and right are staggered by Tm/4 which is also equal to the delay of the transmission lines. In the
forward direction, the signal experience the delay of the transmission line Tm/4, while in the reverse direction, the signal experiences a delay of 3Tm/4 [5]. At input
frequencies which are multiples of the modulation frequency, this network imparts a phase of ±90o in the forward/reverse directions, thereby realizing a non-reciprocal
phase shift of 180o, also known as a gyrator. This gyrator was then embedded within a 3λo/4 (3λo = λm) ring with 3 ports which are λo/4 apart to realize a 3-port circulator
similar to [6](see Fig. 1(b)).

Prototype Design and Measured Results
Fig. 2 depicts the PCB layout of the switched transmission line circulator. The transmission lines within the circulator are implemented using miniaturized LC sections and
the switches are implemented using SPDT switches. The square wave clocks to the switches are provided through arbitrary waveform generators (AWG). For an operating
frequency of 64MHz corresponding to the resonance frequency of a 1.5T MR coil, the switches are supposed to be modulated at 21.33MHz. However, the bandwidth of
the AWGs was limited to 20MHz, hence a sub-optimal modulating frequency of 20MHz was adopted. The measured transmission and isolation scattering parameters of
the circulator are plotted in Fig. 3(a). We measured an insertion loss of -6.1dB and -5.8dB in the transmit-to-coil and coil-to-receive paths with a -1dB bandwidth of 13MHz.
The circulator can be tuned for high isolation at 64MHz by controlling the staggering and duty cycles of the modulation clocks. When tuned to 64MHz, we measured high
isolation of +75dB with a 40dB isolation bandwidth of 1.1MHz (Fig. 3(b)). Sub-optimal switching frequency and large rise time in the clock waveforms has resulted in an
additional ~3dB insertion loss in each path and these which can be recovered by adopting a better clock generation circuit [6]. The transmission path compresses by 1dB
at a TX power level of +16.5dBm or 44mW (Fig. 4). Fig. 5 depicts the TX-to-RX isolation of the circulator when terminated with 3 of the 8 available channels in a 1.5T TEM
head coil. The isolation across these channels ranges from 35dB – 50dB. When the MR coil is loaded with a human head, the TX-to-RX isolation degrades to ~30dB, which
can be re-tuned to ~45dB by controlling the clocking scheme.

Conclusion and Future Work
In this work, we have demonstrated a switched-transmission line circulator that can be used in a STAR MRI system. The insertion losses of the circulator were limited due
to the limitations of the clock generation setup and can be improved signi cantly with integrated clocking solutions. Furthermore, the high isolation is sensitive to the MR
coil’s impedance and an adaptive closed-loop isolation tuning mechanism is currently in progress. Integrating this circulator with additional stages of analog and digital
cancellation is also in progress.
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Figures

Figure 1: Concept diagram of the (a) switched transmission line gyrator and (b) 3-port circulator.

Figure 2: Layout snap shot of the non-magnetic, PCB based circulator operating at 64MHz.

Figure 3: (a) Measured scattering parameters of the circulator presenting a wideband transmission and matching. (b) Measured scattering parameters when tuned for
high isolation at 64 MHz.

Figure 4: Large signal performance of the circulator.

Figure 5: Measured TX-to-RX leakage when the circulator is terminated with 3 of the 8 channels of a 1.5 T MR coil. The dotted red line depicts the isolation presented by
the circulator when the MR coil is loaded with a human head.
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