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Suitably tailored forms of spatio-temporal modulation in electronic circuit networks have been 

recently employed to overcome fundamental challenges in modern electronic systems, including 

breaking reciprocity, squeezing the footprint of high-Q resonators, and overcoming the delay-

bandwidth limit. Rotating patterns of temporal modulations have been used to synthesize angular 

momentum, which replaces magnetic bias to break reciprocity in integrated circuits. However, 

this approach is limited by trade-offs between modulation speed, footprint and bandwidth of 

operation. Rotating switching patterns in commutated capacitor networks also enable compact 

filters and quasi-electrostatic wave propagation overcoming the delay-bandwidth limit. In this 
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paper, we combine these mechanisms in an integrated circuit ring that synthetically rotates in two 

dimensions, realizing an effective helicoidal motion that provides ultra-broadband quasi-

electrostatic non-reciprocal responses fitting within a theoretically infinitesimal size. We also 

analyze the impact of modulation signal noise on time-modulated non-reciprocal components and 

unveil the role of a dynamic noise mechanism based on which the noise level increases in the 

presence of a strong signal passing through the component, along with methods to mitigate this 

effect. We experimentally verify these principles in a 3-port integrated circulator based on a 65nm 

CMOS process that operates from DC to 1GHz with a miniaturization factor of 2×106. 

Introduction 

Devices with non-reciprocal transmission are common in microwave communications, and 

radar/imaging sensors [1]. The traditional approach to realize these functionalities is to use ferrite 

materials biased by an external magnetic field. Unfortunately, such materials are not compatible 

with existing semiconductor manufacturing processes, leading to large size and high 

implementation costs. Approaches to achieve magnet-free non-reciprocity include active voltage-

/current- biased transistors [1]- [6]. However, these approaches have found limited application due 

to their poor noise and linearity performance [6]. Non-linearity in circuits or materials can also be 

exploited to achieve non-reciprocity [7]-[13]. However, these devices typically exhibit non-

reciprocal responses across a limited range of signal power and introduce distortions in the 

transmitted signals, thereby restricting their application. Recent research has investigated the 

possibility of low-noise and linear magnet-free non-reciprocity through parametric phenomena 

enabled by spatio-temporal modulation across several physical domains, including acoustics, 

microwave electronics and optics [14]-[19]. Approaches based on time modulation typically rely 

on forms of synthetic motion of a circuit or material platform achieved through carefully 



engineered patterns of spatio-temporal modulation that synthesize linear or angular momentum, 

taking inspiration from the fact that wave propagation in moving media is non-reciprocal. For 

instance, the rotary motion of air within an acoustic ring cavity was shown to enable non-

reciprocity for sound waves through angular-momentum biasing [20]. Synthetic rotary motion to 

realize angular-momentum biasing through traveling-wave modulation of a ring cavity has been 

used to demonstrate non-reciprocal circulators at optical [21] and microwave frequencies, either 

in all-electronic systems [22]-[24] or in hybrid acoustic-electronic systems [25]-[27]. Similarly, 

synthetic rotary commutation across a bank of capacitors or delay lines has also been used to enable 

non-reciprocity at microwaves in [28]-[34]. Linear momentum biasing through synthetic motion 

along a linear axis imparted by traveling-wave modulation along a waveguide or transmission line 

has also enabled non-reciprocity at optical [35]-[38] and microwave [39]-[41] frequencies. Several 

other interesting non-reciprocal phenomena such as non-reciprocal antennas [42],[43], non-

reciprocal metasurfaces [44],[45], and non-reciprocal topological insulators [46],[47] have been 

demonstrated based on time-modulated synthetic motion.  

While promising, these approaches have all shown a fundamental trade-off between footprint, 

bandwidth and modulation speeds. Linear momentum biasing must be performed along distances 

that are inversely proportional to the modulation strength. At microwave frequencies, variable 

capacitors (varactors) can tune over capacitance ratios of 2-4, leading to implementations that are 

in the order of one wavelength in size [39]. Alternatively, angular momentum biasing in a resonant 

ring eliminates frequency conversion, and the resonance miniaturizes the size to sub-wavelength 

dimensions, but this is associated with a reduction in the bandwidth of operation [19]. 

In a different context, commutated networks of capacitors have been shown to realize 

quasi-electrostatic comb filters, commonly called N-path filters, that do not require inductors, 



hence leading to unprecedented form factors for sharp filtering responses [48],[49]. More recently, 

commutated networks of capacitors operating in a different slow-wave regime have been shown to 

support quasi-electrostatic wave propagation beyond the delay-bandwidth limit, leading to ultra-

wideband phase delays within very compact footprints [50]. Also in these cases, a rotating 

modulation pattern is key: by synthetically rotating two arrays of switches at the input and output 

ports of the device, the input signal is first temporarily stored in a capacitor bank connecting the 

two ports, and then released to the output port with an arbitrary delay, over a bandwidth only 

limited by the Nyquist-Shannon sampling theorem [52]. 

In this paper, we combine these functionalities in an ultra-compact ring circuit that 

synthetically rotates in two dimensions to (i) synthesize a quasi-electrostatic, frequency-

independent, ring resonance in an ultra-compact volume, and (ii) synthetically spin it in order to 

efficiently break reciprocity. The result is a helicoidally-rotating ultra-compact circuit that 

overcomes the fundamental trade-offs between size and bandwidth, realizing unprecedented 

performance metrics for magnet-free non-reciprocity. Our experiments unveil a new form of 

magnet-free non-reciprocity, inherently quasi-electrostatic in nature, in which the electromagnetic 

energy, independent of the frequency of excitation, is dominantly stored in electric form, as 

opposed to systems that store energy dynamically in electric and magnetic fields in a series of 

resonators. Given its quasi-electrostatic nature, the non-reciprocal response of the circuit is 

observed over an extremely wide bandwidth, extending from DC to a cut-off frequency only 

limited by the specific technological implementation. The quasi-electrostatic nature also results in 

a circulator device with a theoretically infinitesimal footprint.  

While non-reciprocal components based on parametric phenomena are theoretically noise 

free, the phase noise of the modulation signal can have detrimental impact on the functionality, 



yet so far this issue has received little to no attention in the literature. As a second important 

objective of this work, we then explore a dynamic noise mechanism impacting its operation, as one 

example of several other non-reciprocal devices based on temporal modulations. We show that the 

phase noise of the modulation signal can transfer to the signal path in the presence of a strong 

signal passing through the component, and we introduce design guidelines that mitigate this effect. 

These results, broadly applicable to all classes of time-modulated non-reciprocal components, are 

critical to achieve the challenging noise metrics required in practical applications. We verify our 

findings through the experimental realization of a 3-port helicoidally-rotating quasi-electrostatic 

integrated-circuit circulator in a 65nm CMOS process that operates from DC to 1GHz with a 

miniaturization factor (defined as 2/Area) of 2×106. 

I. Principle of Operation 

Non-reciprocal transitions in systems bearing dynamic modulation are typically resonant [18], 

which implies a trade-off between bandwidth, modulation speed and footprint [30],[53]. Increasing 

the size of the device in favor of broadband non-reciprocal phenomena [54],[55] implies 

challenges in practical implementations, because the bandwidth and amplitude of modulation are 

inversely proportional [18],[35]. To alleviate the aforementioned trade-offs, we can consider non-

resonant transitions to realize non-reciprocity, leveraging the recently introduced concept of quasi-

electrostatic wave propagation [50], which also stems from suitably tailored temporal modulation 

schemes. Unlike wave propagation in normal media, in which the wave travels by periodically 

exchanging magnetic and electric stored energies in time, quasi-electrostatic wave propagation 

stores most of the energy in electric form, and synthetically moves it using temporal modulation 

in suitably designed circuit networks. The resilience of signal propagation in this form enables 

unprecedented features, especially in the context of broadband true-time-delay lines that overcome 



the delay-bandwidth limit [57],[58]. The size of devices based on quasi-electrostatic propagation 

may become extremely small, while offering a broadband response, since storing electric energy 

is extremely efficient, as capacitors and switches can be miniaturized to an almost infinitesimal 

form factor. In this work, we leverage quasi-electrostatic wave propagation by synthetically 

rotating banks of capacitors in one dimension, and then rotate the system in another spatial 

dimension to impart angular momentum biasing and introduce broadband non-reciprocal routing. 

As a first step to implement our device, we implement an electrostatic frequency-independent 

ring resonator. We realize this functionality by extending the concept of an N-path filter [48],[49] 

shown in Fig. 1a, a basic commutated network that has recently been used to synthesize filtering 

responses at radio frequencies in a compact footprint, but operating it in the slow-wave regime [50] 

to realize broadband responses. Its geometry consists of N identical capacitors of capacitance 𝐶 

placed between two ports, 1 and 2. The capacitors rotate in the vertical plane (see Fig. 1a) with 

angular frequency 𝜔𝑠 =
2𝜋

𝑇𝑠
. At any given time, one capacitor is connected to port 1 and samples 

the input signal. Similarly, port 2 is placed at a staggered position, causing at any instant in time a 

different capacitor to be connected to port 2, and release its stored charge to the output port. 

Through the rotation, these capacitors remain connected to the ports for a time of Ts/N. Fig. 1a 

shows the scattering parameters of this device for two different scenarios. In the filtering regime, 

where the capacitors 𝐶 are very large and the time constant 𝜏 = 𝑍0𝐶 (Z0 being the port impedance) 

is much larger than the switch ON time, 𝜏 ≫
𝑇𝑠

𝑁
, the capacitors average the incident voltage at port 

1 and transmit it to port 2, resulting in high-Q transmission peaks located at integer multiples of 

the rotation frequency 𝜔𝑠, as shown in the bottom panel of Fig. 1a where Ts/Nτ = 1/9. This comb-

like frequency response is somewhat analogous to the one of a ring resonator, but with a much 



reduced footprint, since the resonance is not supported by a geometrical factor (length of the ring 

compared to the wavelength), but simply by the modulation frequency, independent of its size. 

The absence of inductors in this geometry enables a drastic miniaturization. In addition, by suitably 

choosing the staggering of the ports, it is possible to implement a nonreciprocal phase response 

[56], offering the opportunity to realize compact but narrowband circulators [28] and gyrators [56].  

On the other hand, in the slow-wave regime, when the capacitor value 𝐶 is chosen so that  𝜏 ≈ 
𝑇𝑠

𝑁
 

[50], the capacitors can gracefully track the input voltage and discharge to the output port, so the 

sharp filtering response is lost and an electrostatic, frequency-independent ring resonance is 

achieved (bottom panel of Fig. 1a where Ts/Nτ = 2), confirming a broadband response extending 

from DC to a cut-off frequency determined by the time constant 1/𝜏.  

Beyond the much-reduced footprint, there is another remarkable difference between this 

rotating structure and a conventional ring resonator: while a conventional ring supports degenerate 

right- and left-handed resonances because of symmetry, such a synthetically rotating circuit 

inherently selects only one handedness. To show this, we consider one capacitor of the circuit and 

spin it in the horizontal plane at angular frequency 𝜔𝑠, thus connecting it sequentially to L ports 

⩽ N, as shown in Fig. 1b. The lth port is located at angular position 𝜙𝑙 =
2𝜋𝑙

𝑁
, and each port is 

connected to the common capacitor for a period 
𝑇𝑠

𝑁
. Interestingly, this rotation inherently enables a 

non-reciprocal response in the ring, by breaking the degeneracy in a way analogous to angular-

momentum bias. Unlike a conventional ring resonator with degenerate clockwise (CW) and 

counter-clockwise (CCW) modes, the horizontal-plane rotation enables chiral circulation of the 

signals from one port to the next, following the mechanical rotation (CCW in Fig. 1b). This 

degeneracy lifting is at the basis of many implementations of non-reciprocal devices based on 



angular momentum bias [21],[22] , and indeed it naturally implements non-reciprocal 

transmission. To prove this, we plot the scattering parameters of the circuit of Fig. 1b for 𝑁 = 8 

and 𝐿 = 3 for two scenarios: 
𝑇𝑠

𝑁𝜏
=

1

9
 (filtering regime), and 

𝑇𝑠

𝑁𝜏
= 2 (slow-wave regime) as shown 

in the bottom panel of Fig. 1b. As expected, the scattering parameters are nonreciprocal. While the 

𝑇𝑠 ≪ 𝑁𝜏 scenario shows narrow peaks and large frequency selectivity, consistent with the 

conventional N-path filter response, for 
𝑇𝑠

𝑁𝜏
= 2, the nonreciprocal response is very broadband. 

Nevertheless, in both cases a large insertion loss is evident in Fig. 1b, stemming from the fact for 

that most of the time, namely  
𝑁−1

𝑁
𝑇𝑠 in each period, each port is disconnected from the circuit, 

and will experience an almost total reflection. 

To overcome this problem, we combine the synthetic rotation in the horizontal plane (Fig. 1b) 

with the one in the vertical plane (Fig. 1a), and implement a circuit that synthetically rotates 

helicoidally (Fig. 1c). Since the vertical rotation enables ultra-broadband low insertion loss, and 

the horizontal rotation enables ultra-broadband non-reciprocal transmission, the helicoidal rotation 

is expected to realize a non-reciprocal ultra-broadband low-insertion-loss circulator. In Fig. 1c, we 

assume an implementation with 𝐿 = 𝑁, and it is readily seen that the location of the active 

connections at any given time tracks a helical path due to the superimposed vertical-plane (Fig. 

1a) and horizontal-plane (Fig. 1b) rotations. We plot the scattering parameters for this helicoidal 

rotation configuration for N=8 and L=3 in the bottom panel of Fig. 1c, showing, as expected, 

ultrabroadband, low-loss, non-reciprocal performance when 
𝑇𝑠

𝑁𝜏
= 2.  



II. Theoretical Analysis 

In order to rigorously analyze the helicoidally-rotating configuration, we consider a realistic 

electronic implementation of the synthetic motion of the capacitors through RF switches, as shown 

in Fig. 2a. Here we depict the case with the maximum number of ports that this electrostatic ring 

resonator can handle, 𝐿 = 𝑁. This circuit consists of N identical layers connected in parallel to N 

ports, as shown in Fig. 2a. The switches in each layer are modulated in a revolving fashion so that 

only one switch in each layer is closed at any time (mimicking the horizontal-plane rotation of Fig. 

1b, see the port staggering marked in the schematic in Fig. 2a). In addition, modulation of the 

switches in the parallel N layers are also staggered such that no two layers are connected to a port 

at the same time (mimicking the vertical-plane rotation of Fig. 1b, see the layer timing diagram 

sketched in Fig. 2a). As a whole, every port is connected to one of the N capacitors (say, at 

time t=t0, the kth capacitor Ck is connected to port (𝑘 + 𝑝) % 𝑁, where % represents the 

modulo operation and k,(p+1) ∈1,2,3..N) and after a time Ts/N, the capacitors are connected 

to the subsequent ports (i.e., at time t=t0+Ts/N, the kth capacitor Ck is connected to 

(𝑘 + 𝑝 + 1) % 𝑁 port), thus mimicking the helicoidal rotation depicted in Fig. 1c. Fig. 2b 

shows the evolution of the voltage on a capacitor across time. The capacitor is charged from one 

port (say port 1), and most of its charge is released to the next port (port 2). The left-over residue 

after this is discarded to subsequent ports (port 3, port 4, …). As we progress through the ports in 

the direction of the rotation, the residue becomes smaller thus leading to higher isolation. The 

addition of small matching inductors at the ports improves the circuit performance [50] by 

providing current boosting during both charging and discharging phases, thus improving the 

transmission to the subsequent port and increasing the isolation to other ports as shown by the 

green curve in Fig. 2b, and resulting in a quasi-electrostatic circuit. We stress that the size of these 



inductors is much smaller than what would be required in a resonant implementation of an angular-

momentum biased circulator, leading to much reduced footprints and much broader bandwidths. 

We performed a simulation for an 8-layer circulator with 8 ports for fs = 500MHz, 
𝑇𝑠

𝑁𝜏
= 2, and the 

resulting scattering parameters are plotted in Fig. 2c. Building on our previous discussion, the 

scattering parameters show that the transmission loss 𝑆𝑖𝑗, where 𝑖 = 𝑗 + 1, is wideband, and the 

isolation 𝑆𝑘𝑗 for any 𝑘 > 𝑗 + 1 keeps improving as 𝑘 increases. Note that S81=S12 from symmetry, 

and the large difference between S12 and S21 confirms the strong and wideband non-reciprocity. In 

practice, very high isolation levels beyond 40-50 dB are challenging to achieve because of parasitic 

coupling mechanisms, depending on the technology of implementation. In our CMOS 

implementation with 3 ports, the theoretical isolation is limited to 20-25dB. 

In order to further quantify the scattering parameters based on the circuit parameters (𝜏, 𝑁, 𝑓𝑠), 

we analytically derived closed-form expressions for the expected scattering parameters for any 

number of layers N and any number of ports 𝐿 ≤ 𝑁 (the small matching inductors are neglected in 

this analytical formulation). We can write the scattering matrix as a function of the excitation 

frequency 𝑓 in the limit 𝑒−
(𝐿−1)𝑇𝑠

𝑁𝜏 ≪ 1 as [51] 

|𝑆𝛽𝛾(𝜔)| ≈ |4cos(𝜙0) e(−{(𝛽−𝛾)%𝐿}𝑥) sin (𝜋 (
𝜔

𝜔𝑠𝑁
−

𝑗𝑥

2𝜋
)) 𝑠𝑖𝑛𝑐 (

𝜔

𝜔𝑠𝑁
−

𝑗𝑥

2𝜋
)| , (1) 

where 𝛽 and 𝛾 represent the output and input ports and 𝛽 ≠ 𝛾, 𝐿 ≤ 𝑁 represents the total number 

of ports, % represents the modulo operation, 𝜔𝑆 = 2𝜋𝑓𝑠 = 2𝜋/𝑇𝑠 is the angular frequency of 

modulation, 𝑥 =
𝑇𝑠

𝑁𝜏
, 𝜏 = 𝑍0𝐶, sinc 𝑎 = sin 𝜋𝑎 /(𝜋𝑎) and 𝜙𝑜 = − tan−1 𝜔𝜏. It is obvious that the 

scattering matrix is not reciprocal as 𝑆 ≠ 𝑆𝑇.  



We find that 𝑥, the ratio of switching time to charging and discharging times, plays a prominent 

role in determining the circulator response: for 𝑥 ≪ 1, we are in the filtering regime, where low 

insertion loss is seen over narrow bandwidths and we expect almost no non-reciprocity in 

transmission magnitudes. As we increase 𝑥 into the slow-wave regime (e.g. 𝑥=2, corresponding to 

our implementation), the insertion loss increases only slightly (2.1dB at 𝑓 = 𝑓𝑠 for 𝑥=2), but with 

a substantial increase in isolation (20dB at 𝑓 = 𝑓𝑠 for 𝑥=2) and transmission bandwidth (a -3dB 

bandwidth of 2.2𝑓𝑠 for 𝑥=2). This can be seen in Fig. 2(d), where we plot the scattering parameters 

given by (1) at 𝑓 = 𝑓𝑠 as a function of 𝑥 for fixed number of layers 𝑁 = 8, compared with full-

wave circuit simulations [59]. As 𝑥 increases even further, the insertion loss keeps increasing, as 

the discharge into the output port becomes more impulse-like. Anyhow, nonreciprocity is 

maintained over a very broad range of frequencies, and the isolation is found to be independent of 

frequency, hence resulting in an ultrawideband nonreciprocal response. 

The bandwidth of the circulator increases with the number of layers N for fixed x and, in the 

limit 𝑁 → ∞, the circulator achieves low-loss transmission and high isolation across infinite 

bandwidth. This effect is quantified in Fig. 2(e) where we plot the device transmission (𝑆21) as a 

function of normalized frequency 𝑓/𝑓𝑠, and number of layers 𝑁 for x=2. The solid black contour 

line indicates that the -3dB bandwidth (defined as the frequency at which the 𝑆21 drops by 3dB 

from its maximum value) increases linearly with the number of layers N. The main penalty with 

increasing N is the challenge and complexity of generating N multiphase narrow clock pulses at 

the modulation frequency. The solid white circle in Fig. 2e represents our experiment, and is in 

good agreement with the measurement results shown in the next section.  



This bandwidth enhancement can be understood by observing the synthetic rotation of the 

quasi-static ring. For very large N, the ring appears to be continuously rotating, so the capacitors 

are able to track the input signal effectively at every time instance. However, for small N the 

effective sampling frequency 𝑁𝑓𝑠 is small, leading to a poor sampling efficiency of the incoming 

signal, thus leading to aliasing when the input frequency 𝑓 is larger than the effective Nyquist rate 

𝑁𝑓𝑠/2. In addition, the insertion loss for a fixed 𝑥 and number of layers N can be further improved 

through small matching inductors in series with the ports, as discussed earlier and shown in the 

experimental section. 

III. Noise in Time-Modulated Systems 

Devices based on time modulation like the one introduced in the previous section are dependent 

on the timing accuracy of the modulation signals. While the effect of static timing errors in the 

modulation signals has been analyzed earlier [60],[61], the effect of random phase noise in the 

modulation signals is not well understood. In this scenario, a new dynamic noise mechanism 

emerges, where the phase noise interacts with a strong input signal to produce a signal-power 

dependent output noise, which results in a signal-strength dependent signal-to-noise ratio (SNR) 

degradation for other (weaker) signals that might co-exist with the strong input signal. While this 

mechanism is universal to all time-modulated non-reciprocal components, in our helicoidally 

rotating circulator, random fluctuations in the rising- and falling- clock edges result in uncertainty 

in the start and end of the charging phases, which consequently lead to an uncertainty of the voltage 

stored on the capacitor at the end of charging phase, 𝑉𝑐. This uncertainty in the capacitor voltage 

can be interpreted as an additional voltage noise 𝑣𝑐,𝑛𝑜𝑖𝑠𝑒 stored in the capacitor over and above the 

signal voltage in presence of no clock noise, 𝑉𝑐,𝑜, i.e., 𝑉𝑐 = 𝑉𝑐,𝑜 + 𝑣𝑐,𝑛𝑜𝑖𝑠𝑒 (see Fig. 3(a)). This 

voltage noise on the capacitor is directly proportional to the input voltage at the active port and the 



amount of clock jitter. During the discharging phase, along with the signal voltage (𝑉𝑐,𝑜), 𝑣𝑐,𝑛𝑜𝑖𝑠𝑒 

is transferred to port 2, resulting in additional noise at the output port (see Fig. 3(a)). Additionally, 

clock-edge fluctuations during the discharging phase also lead to uncertainty in the amount of 

charge discharged to port 2, leading to an additional noise that is proportional to the strength of 

the input signal and clock jitter during the discharging phase. We rigorously analyze this 

phenomenon in [51] by modeling the clock timing jitter at the rising and falling edges with 

Gaussian random variables 𝛿𝑡𝑟 and 𝛿𝑡𝑓, with a zero mean and a variance of 𝛿𝑡𝑟,𝑟𝑚𝑠 and 

𝛿𝑡𝑓,𝑟𝑚𝑠 respectively.  

In switched capacitor circuits, a sinusoidal modulation clock signal is converted to a square wave 

clock signal through a low-noise voltage-limiting buffer. Multiple phases of the square-wave clock 

signal to drive the different layers and ports are then generated using multi-phase clock-generation 

circuitry. The phase noise in the sinusoidal input and from the voltage limiter will result in a 

correlated phase noise across all the non-overlapping phases. On the other hand, the phase noise 

contributed by the multi-phase clock-generation circuitry can lead to an uncorrelated noise across 

the non-overlapping phases. We have shown that for the uncorrelated clock phase noise, which is 

what we observe in our prototype, for a sinusoidal input at port 1, the output noise power spectral 

density (PSD) at port 2 due to the clock jitter (i.e., noise power at port 2 within a bandwidth of 

1Hz) can be expressed as a function of the input power, input frequency and clock jitter as 

𝑁(𝜔𝑜) = 𝑃1

𝑇𝑆

𝑁
(𝑆21(𝜔𝑖𝑛) ×

𝐹𝑙(𝜔𝑜)

𝐹𝑙(𝜔𝑖𝑛)
)

2

[
{|𝐾1(𝜔𝑖𝑛)2|+|𝐾2(𝜔𝑜)2|}𝛿𝑡𝑟,𝑟𝑚𝑠

2

+{|𝐾2(𝜔𝑖𝑛)2| + |𝐾1(𝜔𝑜)2|}𝛿𝑡𝑓,𝑟𝑚𝑠
2 ] , (2) 



where 𝑃1 =
𝐴1

2

4𝑍𝑜
 and 𝜔𝑖𝑛 represents the input power and input frequency at port 1, 𝑆21(𝜔𝑖𝑛) 

represents the transmission from port 1 to port 2 as expressed in (1), and 𝐹𝑙(𝜔), 𝐾1(𝜔), and 𝐾2(𝜔) 

are 

𝑌(𝜔) =
𝑇𝑠

𝑁
(

1

𝜏
+ 𝑗𝜔) , 𝐹𝑙(𝜔) =

1 − exp(−𝑌(𝜔))

𝑌(𝜔)
, 

𝐾1(𝜔) = −
𝑁

𝑇𝑆

𝑌(𝜔) exp(−𝑌(𝜔))

1 − exp(−𝑌(𝜔))
, 𝐾2(𝜔) = −

1

𝜏
+

𝑁

𝑇𝑠

𝑌(𝜔)

1 − exp(−𝑌(𝜔))
. (3) 

See [51] for detailed derivation. From (2), it can be seen that the PSD of the output noise is 

proportional to the input power and the variance of the clock jitter. This clock-induced noise will 

be an additive noise, in addition to the thermal noise present at port 2. The effect of the noise added 

by a device is typically characterized using noise figure (NF), which captures the degradation in 

the signal-to-noise ratio (SNR) produced by the device (i.e., NF = SNRin/SNRout). The NF from 

port 1 to port 2 at a frequency 𝜔𝑜 in presence of a strong input signal at port can be calculated as 

𝑁𝐹21(𝜔𝑜) =
𝑆𝑁𝑅𝑖𝑛

𝑆𝑁𝑅𝑜𝑢𝑡
=  𝑆21(𝜔𝑜) × (1 +

𝑁(𝜔𝑜)

𝑘𝑇
) , (4) 

where 𝑆21(𝜔𝑜) is the transmission from port 1 to port 2 (see eq. (1)), 𝑁(𝜔𝑜) represents the output 

noise due to the interaction between the clock jitter and input signal (see (2)), 𝑘 represents the 

Boltzmann constant, and T is the absolute temperature. In this noise analysis, the small matching 

inductors are ignored. Even in the presence of matching inductors, the operation principle of the 

circulator remains unchanged (except for a current boosting in the charging and discharging 

profiles), and therefore the clock-induced noise phenomenon will still be observed.  



Fig. 3(b) shows the simulated port 1 to port 2 noise figure of our 65nm CMOS 8-path, 3-port, 

helicoidally rotating circulator across varying incident power at port 1 (𝑓𝑖𝑛 = 𝑓𝑠 = 500𝑀𝐻𝑧 and 

𝑓𝑜 = 2𝑓𝑠 = 1𝐺𝐻𝑧). Note that our 65nm CMOS multi-phase clock generating circuit (discussed in 

the implementation section) generates multi-phase clock pulses with mostly-uncorrelated phase 

noise with a variance of 𝛿𝑡𝑟,𝑟𝑚𝑠= 40 fs and 𝛿𝑡𝑓,𝑟𝑚𝑠= 32 fs for the rising and falling edges 

respectively.  Figure 3(c) shows the port 1 to port 2 noise figure across various input powers and 

input frequencies at port 1. The simulated noise figures are obtained using the Cadence Spectre 

RF (PSS solver) [62]. As expected, the noise figure degradation increases with the input power. 

Additionally, the noise figure degradation also becomes higher when driven with higher frequency 

input. As can be seen, our analysis closely predicts the simulated noise figure for uncorrelated 

clock phase noise across the clock phases.  

On the other hand, when the clock jitter is correlated across the multi-phase clock pulses, it has 

minimal impact to the output noise of the helicoidal circulator across the frequency range of 

|𝑓𝑜 − 𝑓𝑖𝑛| ≪ 𝑁𝑓𝑠, where 𝑓𝑖𝑛 is the input frequency and 𝑓𝑜 is the frequency at which output noise is 

measured. Fig. 3(d) depicts the theoretically calculated noise figure across various TX powers for 

various input frequencies, when driven with correlated multi-phase clocks. For the specific case 

of N=8 and 𝑓𝑠 = 500𝑀𝐻𝑧, the correlated clock jitter has no impact across ~800MHz around the 

input frequency. Therefore, techniques that ensure noise correlation across the multi-phase pulses, 

such as the retiming of the clocks with the input square-wave clock toward the end of the inverter 

chain [63], are expected to eliminate this effect of dynamic clock noise appearing at the output 

without a significant impact on clock path power consumption. These insights were not available 

to us at the time of design of this prototype, and so the clock path implemented is dominated by 

un-correlated noise. 



IV. Implementation and Experimental Verification of a 3-Port Chip-Scale Circulator 

As a proof of concept, we implemented a 3-port integrated circulator in a 65nm CMOS chip 

modulated at 500MHz and operating over DC-1GHz. Fig. 4a shows the circuit diagram and the 

chip microphotograph. The circulator consists of 8 parallel non-overlapping layers, each consisting 

of a 2.5pF capacitor connected to 3-ports through three 51μm/60nm transistor switches with an 

ON resistance of 6Ω. The modulation path consists of pseudo-differential buffers to generate 

square-waves from the input 2GHz differential sinusoidal modulation input. These square wave 

signals were divided by a factor of 4 and then fed to a non-overlapping clock-generator to generate 

the 8 phases of 500MHz, 12.5% duty cycle non-overlapping clocks required by the commutated 

switches. We leveraged the inductance from bond wires between the CMOS chip and the QFN 

package as the 3nH inductor required for improved matching, resulting in an extremely compact 

area of 0.19mm2 and a miniaturization factor of 2×106 (defined as λcenter
2 /area, where λcenter is the 

free space wavelength at the center frequency). This miniaturization factor is 102-104× larger than 

prior approaches (Fig. 4b). Fig. 4c summarizes the performance comparison of the proposed work 

with prior integrated circulators.  

Figure 5 summarizes the measured performance of our prototype with symmetric 

performance across the 3 ports. For a modulation frequency 𝑓𝑆=500MHz, the clocking circuitry 

consumes 20mW and the circulator exhibits transmission losses ranging from 3.1dB - 4.3dB (Fig. 

5a), isolation > 18dB (Fig. 5b) and matching< -15dB (Fig. 5c) across a frequency range of DC - 

1GHz. The measured noise figure ranges from 3dB – 4dB (Fig. 5d) and is consistent with the 

insertion loss, indicating no degradation in the noise performance due to modulation clock noise. 

The power handling of a switching device is limited by the LO swing that drives the gate of the 

transistor switches. Using conventional digital drivers withs supply voltage of 1.2V, the LO swing 



in this implementation is from 0V to 1.2V, which lead to the transmission path to compress by 

1dB at an excitation power of +1.5dBm. Employing LO boosting schemes presented in [64] to 

enhance the power handling will be an interesting research direction. The measured input-referred 

third-order intercept point (IIP3) for the transmission and isolation paths are +20dBm and 

>+25dBm respectively. These linearity metrics remain quite constant across the bandwidth of 

operation as shown in Fig. 5e.  The isolation remains constant across an excitation power range of 

-15dBm to +5dBm (Fig. 5f). It is desired that the circuit performance of these multiport non-

reciprocal devices remains unchanged when multiple ports are excited simultaneously. To this end, 

we measured the compression of the transmission path from port 2 to port 3 under application of 

a large signal at port 1- with a power of +6.2dBm at port 1, 2-to-3 transmission compresses by 

1dB.  

In communication systems, circulators are commonly used for achieving simultaneous-

transmit-and-receive operation. For instance, ports 1-3 can be connected to the transmitter (TX), 

antenna (ANT), and receiver (RX) respectively. The presence of strong signal at port 1 (TX) can 

desensitize the port2 to port 3 path due to the interaction between TX signal and the clock noise. 

This is identical to the mechanism described in Section IV, with the exception that we now 

examine the noise added to port 2-to-3 transmission due to a powerful signal at port 1, as opposed 

to the noise added to port 1-to-2 transmission as considered in Section IV. We measured the ANT-

RX noise figure as a function of TX power using the gain method by observing the rise in the noise 

floor at the RX port using the measurement setup shown in Fig. 6(a). A strong TX tone is incident 

at 1.01 GHz, and the rise in the noise floor at a slight offset frequency of 975 MHz is monitored. 

The surface acoustic wave (SAW) filter at 975 MHz allows monitoring the noise floor at that 

frequency while attenuating the residual TX leakage at 1.01 GHz and preventing it from saturating 



the pre-amplifier and the spectrum analyzer. An isolator is used ahead of the SAW filter to ensure 

a matched termination for the circulator outside the SAW bandwidth. Fig. 6 (b) shows the 

measured ANT-RX noise figure across varying TX power. At a power level equal to the 1dB 

compression point of the TX-ANT, the NF degrades by ≈2.8 dB with a measurement accuracy of 

±1 dB. Our post layout simulations suggest that at a TX power level of TX-ANT P1 dB, the NF 

degradation is ≈2 dB, confirming the reciprocal mixing phenomenon described in the previous 

section, and expected in these parametric systems. Improving the signal-induced NF with the 

design of a clock path design with correlated clock pulses, as suggested by our analysis in the 

previous section, is an interesting research direction. 

V. Discussion 

Our experiments show that synthetic helicoidal motion of an electrostatic medium opens a new 

paradigm for magnet-free non-reciprocity, enabling unprecedented wideband non-reciprocity, 

extending from DC to a frequency only limited by technological constraints, while at the same 

time miniaturizing the device to infinitesimal form factors. Fig. 3b compares the implemented 

65nm CMOS prototype to prior time-modulated circulator demonstrations in terms of fractional 

bandwidth (defined as -3dB transmission bandwidth divided by the center frequency) versus 

miniaturization factor. This quasi-electrostatic circulator offers the highest fractional bandwidth 

along with a huge miniaturization factor which is 102-104× larger than prior approaches.  

Within the measured insertion loss of 3.1 – 4.3dB, harmonic conversion due to usage of only 

8 layers contributes up to 1-1.7dB, switch ON-resistance contributes 1dB, switch parasitic 

capacitances contribute 0.6-0.8dB, clocking imperfections contribute 0.3dB and the rest is 

associated with other non-idealities such as resistive loss of the matching bond-wire inductor and 



package parasitics. The implementation based purely on switches and capacitors benefits from the 

scaling of semiconductor technology. For instance, a 4-layer, 3-port circulator, with 𝑁𝑓𝑠 = 4GHz 

implemented in a 22nm CMOS process can achieve insertion losses of 1.6-2.2dB across DC-1GHz 

and is ultimately limited by harmonic conversion. A quantification of the losses due to harmonic 

conversion can be found in [51]. Matching networks that reduce the losses associated with 

harmonic conversion represent an interesting future research direction. We have also analyzed the 

impact of modulation signal noise on the noise performance of time-modulated structures and 

presented methods for mitigating this effect. We corroborated our theoretical findings with 

simulation and measurement results.  

The concepts developed in this work are applicable to non-reciprocal components used in 

various applications. Wireless communication devices today operate across multiple frequency 

bands and standards, and such a wideband circulator eliminates the need for multiplexing of 

multiple narrowband bulky and expensive magnetic circulators. In software-defined spectrum 

sharing scenarios the secondary users continuously monitor the spectrum for the presence of 

primary user, and such wideband circulator can enhance the receiver sensitivity by suppressing the 

TX-interference [65]. This device can also be deployed into wideband simultaneous-transmit-and-

receive radars such as ground-penetrating radars that operate from DC – to GHz frequencies [66]. 

Such a compact, reconfigurable, ultra-wideband circulator can also serve as an ideal building block 

to realize Floquet topological meta-insulators [47] on a chip-scale with an ultra-wideband 

topologically-protected bandgap that can potentially revolutionize our ability to control and route 

electromagnetic waves in multiple-input and multiple-output (MIMO) systems. 
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Figures

Figure 1. Ultra-broadband electrostatic circulator with synthetic helicoidal rotation enabled by 

vertical-plane rotation and horizontal-plane rotation of an electrostatic ring resonator. (a) 

Schematic of the 2-port, N-path structure enabling electrostatic propagation between port 1 and 

port 2. The N capacitors are vertically rotating at rate 𝜔𝑠 and connect to each port (red frame) for 

a period 
𝑇𝑠

𝑁
. The top panel is the N-path configuration at time 𝑡0 and the middle panel is the 

configuration at a subsequent time 𝑡0 +
𝑇𝑠

𝑁
. The bottom panel contains the magnitude of the 

scattering parameters for the 2-port, N-path structure in Fig. 1a, for two different ratios 
𝑇𝑠

𝑁𝜏
=

1

9
 

(filtering) and 2 (slow-wave delay). (b) Schematic of the electrostatic ring with horizontal-plane 

rotation of the switch at rate 𝜔𝑠 with 𝐿 ports. The 𝑙𝑡ℎ port is located at angular phase 𝜙 = 𝑙
360∘

𝑁
. 



Each port is connected for a period of 
𝑇𝑠

𝑁
 to the capacitor. The top panel shows the switch 

configuration at time 𝑡0, and the middle panel at time 𝑡 = 𝑡0 +
𝑇𝑠

𝑁
. The magnitude of the scattering 

parameters for the electrostatic ring resonator with 3 ports for two different ratios 
𝑇𝑠

𝑁𝜏
=

1

9
 and 2 are 

shown in the bottom panel. (c) A combination of the electrostatic ring in Fig. 1b and the N-path 

structure in Fig. 1a forms a helicoidal shape for the switch locus at any given time 𝑡0. The 

magnitude of the scattering parameters for the electrostatic circulator with 8 parallel electrostatic 

ring resonators and 3 ports is shown in the bottom panel, verifying ultra-broadband non-reciprocal 

circulation for 
𝑇𝑠

𝑁𝜏
=

1

9
. The results in (a)-(c) are for 𝑁 = 8, 𝑍0 = 50 Ω and 𝑇𝑠 =

1

𝑓𝑠
= 2 ns. 

  



Figure 2. (a) Circuit diagram of the N-port, ultra-broadband quasi-electrostatic circulator realized 

using a helicoidally-rotating electrostatic ring along with small inductors at the ports to enhance 

the matching, loss and isolation. (b) Evolution of the voltage on one of the shunt capacitors across 

time for an excitation at port 1 with and without the small matching inductors of 3nH at the ports. 

(c) Magnitude of the scattering parameters of an 8-port circulator with Z0 =50Ω, N=8, C = 2.5 pF, 

fs = 0.5 GHz, L=2.5nH at all the ports. (d) Scattering parameters |𝑆21(𝑓𝑠)| and |𝑆31(𝑓𝑠)| in dB scale 

and -3dB bandwidth of  |𝑆21(𝑓)|  for varying ratio 𝑥 =
𝑇𝑠

𝑁𝜏
 with 𝑁 = 8 without the matching 

inductors at the ports. The solid lines indicate the results from analytical formulas, while the circles 

indicate simulation results. The dashed line indicates the ratio used in the experiment. (e) 2D plot 

of the analytically calculated scattering parameters (without matching inductors) as a function of 

the normalized frequency f/fs and the number of layers N for 𝑥 = 2. The white circle in (e) indicates 

the ratio used in the experiment and the black solid line indicates the contour of the -3dB bandwidth 

frequencies. 

 

  



 

Figure 3. (a) Dynamic noise mechanism generating input and clock-jitter dependent output noise. 

Port 1 to port 2 noise figure of our 65nm CMOS 8-path, 3-port, helicoidally rotating circulator as 

a function the input power at port 1: (b) Theoretically-calculated and simulated noise figure across 

input power incident at port 1 (𝑓𝑖𝑛 = 𝑓𝑠 = 500𝑀𝐻𝑧 and 𝑓𝑜 = 2𝑓𝑠 = 1𝐺𝐻𝑧 ). (c) Noise figure 

across various TX powers for input frequencies of 𝑓𝑖𝑛 = 250MHz, 500MHz and 750MHz 

respectively, when driven with the same clocks as panel (b). (d) Theoretically-calculated noise 

figure across various TX powers for input frequencies of 𝑓𝑖𝑛 = 250MHz, 500MHz and 750MHz 

respectively, when driven with multi-phase clocks with correlated noise. 



 

Figure 4. (a) Block diagram and chip microphotograph of the implemented 3-port, 8-branch 

circulator in 65nm CMOS. The switches are modulated at 500MHz, the shunt capacitor in each of 

the branches is designed to be 2.5pF, and the matching inductor has been realized using the 

bonding wires connecting the chip to the QFN package, enabling an extremely compact form-

factor. The chip occupies an area of 0.19mm2, representing a miniaturization factor (λ2/Area) of 

2×106 at the mid-band frequency of 500MHz. (b) Fractional bandwidth versus miniaturization 

factor of time-modulated circulator prototypes demonstrated across various implementation 

platforms such as printed circuit boards, and integrated CMOS and Gallium Nitride (GaN) 

technologies. (c) Performance comparison of the proposed circulator with prior active circulators, 

angular momentum biased circulators and switched delay line circulators.  

 



 

Figure 6. Noise figure from port 2 – port 3 in presence of a strong input signal incident at port 1. 

(a) Measurement setup. (b) Comparision of the measured performance with simulations. 

 

Fig. 4. Chip microphotograph of the 3-port, 8-branch circulator prototype implemented in TSMC 

65nm bulk CMOS process. 

Figure 5. Measured results: (a) transmission scattering parameters in the clockwise direction, 

(b) isolation scattering parameters in the counterclockwise direction, and (c) matching at all the 

ports. We observe low loss of 3.1dB - 4.3dB over a wide frequency range of DC – 1GHz. The 

isolation is between 18dB - 20dB and matching is <-15dB over this frequency range. (d) Noise 

figure of 3-4dB reveals that the degradation in the signal-to-noise ratio is consistent with the 

transmission loss, representing negligible effect of the phase noise of the modulation signal. (d) 

Large-signal performance, namely transmission and isolation IIP3s, and transmission IP1dB. 

(e) P1-induced P2-P3 compression and isolation compression across input power.  

 


