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O
ne of the earliest references to reciproc-
ity as an underlying symmetry within 
a system dates back to the 1828 work 
of Green in electrostatics, relating the 
interchanging electric potential and 

charge density [1]. Through the next several decades, 
some of the brightest mathematicians and physicists in 
history, including Helmholtz, Rayleigh, and Lorentz, 
made various observations related to reciprocity in 
different branches of physics such as optics, acoustics, 
elastodynamics, and electromagnetics and formulated 
a number of theorems to explain these observations 
[2], [3]. Even today, more than 100 years after Lorentz’s 
proof of reciprocity in electromagnetics, his theory is 
still widely in use.

Onsager won the 1968 Nobel Prize in chemistry 
solely for his contributions to thermodynamics pub-
lished in a two-part paper titled “Reciprocal Relations 
in Irreversible Processes” [4], [5]. The reciprocal relations 

were fairly well known in different branches of phys-
ics by the early 20th century; however, it took a while 
for these theories to be applied to electronic network 
theory. Some early efforts include the generalization of 
Rayleigh’s theory and the proof of reciprocity in radiat-
ing and receiving antennas (ANTs) [6], [7] and Casimir’s 
simplified derivation of reciprocal relations for electric-
ity conduction based on Onsager’s work [8]. Others also 
looked into circuit synthesis, applications, and solving 
inverse problems by taking advantage of reciprocity in 
network theory [7], [9], [10].

The reciprocity relations also spurred research into 
techniques that violate it. As early as 1885 [11], Rayleigh 
proposed an optical device “in which the otherwise 
general optical law of reciprocity shall be violated.” In 
classical network theory, the symmetry of matrices 
(e.g., the admittance and impedance matrices) was usu-
ally taken for granted. That all changed in 1948, when 
Tellegen [12] hypothesized an electric nonreciprocal 
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component, called a gyrator, as the fifth elemental cir-
cuit building block to accompany the resistor, the capaci-
tor, the inductor, and the transformer. The addition 
of the gyrator enables the synthesis of any arbitrary 
nonreciprocal network. As Tellegen notes in his semi-
nal paper, “The gyrator can be realized […] by means 
of a gyromagnetic effect of a ferromagnetic medium.” 
His proposed gyrator can be described in terms of its 
S-parameters, as in (1). As can be seen, the ideal gyra-
tor is perfectly matched at its two terminals, has zero 
loss, and exhibits an additional °180  phase shift in its 
transmission in one direction:

	 .S
0
1

1
0gyrator =
-; E � (1)

Soon after Tellegen’s proposal, 
Hogan demonstrated the first li
near time-invariant (LTI) micro-
wave gyrator prototype based on 
Faraday rotation (see the “Viola-
tion Of Reciprocal Relations” sec-
tion) in ferrite materials, as shown 
in Figure 1 [13]. Here, the plane 
of polarization for the propagat-
ing waves is represented by sine 
waves in either direction. From left 
to right, a net polarization rotation 
of °180  is imparted to the signal 
( 09 ° because of the twist in the 
rectangular waveguide and 90° 
from the effect of Faraday rota-
tion). In the reverse direction, the 
total rotation of the polarization 
plane is 0° ( 09 ° from the twist and 

90°-  resulting from Faraday rota-
tion), resulting in the nonrecipro-
cal phase response expected from 
Tellegen’s gyrator.

A three-port circulator with 
unidirectional wave propagation 
between adjacent ports was imple-
mented in [13], using the gyrator 
along with two hybrid couplers. 
Ideally, two-port isolators (with a 
unidirectional transmission) and 
three-port circulators have the fol-
lowing S-parameters:
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In the 1960s, while magnetic 
circulator technology was still 

in its infancy, magnetic-free, temporally modulated 
nonreciprocal parametric devices gained considerable 
attention [14]–[16]. Traditional parametric amplifiers 
had no directionality; hence, for a practical design, they 
required nonreciprocal devices such as circulators to 
separate the input and output circuitry and improve the 
amplifier noise performance [17] [Figure 2(a)]. In [16], a uni-
lateral amplifier design using a transmission line and two 
diodes was demonstrated [Figure 2(b)], in which the pump 
frequency (i.e., modulation frequency) is an odd multiple 
of the signal frequency, the transmission line is quarter-
wavelength at the signal frequency, and the two varactors 
are driven with 90° phase-shifted modulation signals. 
Another interesting interpretation of the same concept was 
explored by Kamal in [14]; here, the author takes advantage 
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Figure 1. The microwave gyrator introduced by Hogan in [13] (top) and its operation 
principle as it appeared in the original manuscript (bottom).
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of the upconversion and downconversion characteristics 
of parametric amplifiers using phase-shifted modula-
tion signals to create a gyrator and a three-port circulator 
[Figure 2(c)]. To implement the idea, he concludes that a 

matching network is required 
between the two parametric 
devices, which turns out to be a 
quarter-wave transmission line, 
based on his analysis. Another 
unilateral amplifier architec-
ture based on a 90° hybrid [Fig-
ure 2(d)] was proposed in [15].

Nonreciprocity has also 
been achieved by other forms 
of temporal modulation, such 
as switches controlled by a 
modulation signal at their gates. 
One of the first examples of  
such an approach can be found 
in a 1964 paper [18] in which a 
three-port circulator was dem-
onstrated by taking advantage of 
a time-varying switched delay-
line structure, as shown in Fig-
ure 3. In this figure, points A, B, 

and C are short terminations that provide perfect reflec-
tion of the incoming signal. A 100-MHz circulator was 
built (Figure 3), with a modulation frequency of 3.33 MHz 
and 33-ft delay lines.
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Figure 3. The linear, periodically time-varying RF circulator developed in [18] based 
on a switched-delay structure. A, B, and C are transmission lines terminated with short 
circuits for perfect reflection.
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ports [17]. (b) The nonreciprocal parametric amplifier proposed in [16]. (c) A block diagram of the nonreciprocal parametric 
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Furthermore, active-biased, transistor-based architec-
tures have been a popular alternative for achieving non-
reciprocity, especially after the invention of the transistor 
and its widespread use in electronic circuits. In [19], an 
early example of such a device using three transistors in a 
loop was demonstrated across 30 Hz to 3 MHz (Figure 4).

Violation of Reciprocal Relations
The reciprocity theorem mandates an identical signal 
transmission profile for waves propagating in opposite 
directions between two points in space. Lorentz reci-
procity describes the rules of reciprocity in the electro-
magnetic domain and is a fundamental physical precept 
that characterizes the vast majority of electronic and 
photonic materials, circuits, and components. Lorentz 
reciprocity (sometimes called the Rayleigh–Carson reci-
procity theorem) can be described as

	 . . ,J E dv J E dv
V V

1 2 2 1=l l### ### � (3)

in which J1  and J2  are two arbitrary current source dis-
tributions and E1  and E2  are their respective electric 
fields induced in the space surrounding the sources. 
Equivalently, in circuit theory, this results in the sym-
metry of network matrices such as the impedance (Z), 
the admittance (Y), and the S-parameter matrix. Because 
of Lorentz reciprocity, any LTI system with symmetric 
permittivity and permeability tensors follows the rules 
of reciprocity.

Hence, to achieve nonreciprocal wave propagation, one 
of these necessary conditions must be violated: material 
systems with symmetric constituent tensors, linearity, or 
time invariance. Breaking the reciprocal relations enables 
new wave-propagation paradigms and the construction 
of nonreciprocal components and systems. Nonreciprocal 
devices, such as gyrators, isolators, circulators, unilateral 
parametric amplifiers, and nonreciprocal phase shifters, 
are essential for various applications at RF and millimeter-
wave (mm-wave) frequencies, including communications, 
radar, sensing, imaging, and quantum signal processing.

Using the Faraday Effect
Historically, breaking reciprocity seemed to be possible 
only through the use of magnetic materials. Both Ray-
leigh’s proposal for nonreciprocal optical devices and 
Tellegen’s hypothesis for building a gyrator were based 
on the concept of Faraday rotation in ferromagnetic 
media through magneto-optic interactions or purely 
magnetic effects. Magnetic materials enable nonrecipro-
cal wave propagation because they lose their symmetric 
permittivity or permeability tensors under the applica-
tion of a magnetic field.

If an RF magnetic field of H xH yH zHRF x y z= + +r t t t  is 
applied to a large region of ferromagnetic material, which 

is under a constant magnetic bias of zH0t  as shown in 
Figure 5(a), a magnetization field M xM yM zMx y z= + +r t t t  
is induced in the material in the form of [20] (4),
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where sij|  are the magnetic susceptibilities. As a result, 
the magnetic flux density in an isotropic material can 
be defined as
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where 0n  is the permeability of free space; [ ]n  is the per-
meability tensor, i.e., ( ) ,; ;i x y1 ii1 0n n |= + =  and 2n =  

.j jxy yx0 0n | n |- =

Solving Maxwell’s equations for such an asymmet-
ric permeability tensor results in different wave vectors 
for the left- and right-handed circular polarizations ( )b!  
and, hence, a rotation in the polarization vector of the 
electric field ( ( ))zFi  propagating through the media, as 
shown in Figure 5:

	 ( ) , ( ) ,z z2 1 2F !i
b b

b ~ f n n=-
-

=!
+ -c m � (6)

where ~  and f  are the angular frequency of the wave 
and the permittivity of the medium, respectively. A dis-
tinct physical behavior also exists for optical frequen-
cies because of magneto-optic interactions, resulting 
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Figure 4. A three-port circulator based on active-biased 
transistors in a loop [19].

Breaking the reciprocal relations 
enables new wave-propagation 
paradigms and the construction 
of nonreciprocal components 
and systems.
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in an asymmetric permittivity tensor, which leads to a 
similar rotational effect [21].

Nonreciprocal components based on Faraday rotation 
in ferrite materials have been extensively investigated 
over the years by the microwave community. High-per-
formance, high power-handling [third-order input 
intercept point (IIP3) exceeding 70+  to 08 dBm+  at 
low-RF frequencies] ferrite circulators and isolators 
are commercially available from 10 s of MHz to more 
than 100 GHz [22].

The disadvantages of ferrite-based nonreciprocal 
devices are as follows.

1)	 The size of ferrite circulators based on wave-
guides or transmission lines is generally compa-
rable to their operation wavelength. As a result, 
circulators at low RF frequencies can be extreme-
ly bulky.

2)	 In the mm-wave regime, the size of devices is 
smaller; however, the Faraday effect is weaker, 
and the magnetic materials become lossier. Simi-
larly, the magneto-optic effect is usually weak and 
very lossy at optical frequencies [23]. 

3)	 Ferrite materials are not compatible with integrated 
circuit (IC) technology because of the high-deposi-
tion temperatures required [24]. As a result, ferrite 
nonreciprocal components cannot be integrated 
with the rest of the electronics to realize chip-scale, 
fully integrated systems. 

4)	 Finally, ferrite circulators are also costly, and their 
cost does not readily scale through mass produc-
tion, as is the case with IC technology. Readers are 
referred to [24] and [25] for a detailed bibliography 
of ferrite-based RF and microwave nonrecipro-
cal devices.

Using Active-Biased Transistors
An alternative to using magnets is to exploit the inherent 
nonreciprocity of active current-/voltage-biased transis-
tors. With the advent of transistors, active circulators 
became popular for low-frequency applications, where 
ferrite circulators did not exist (i.e., below 100 s of MHz), 
in applications with relatively low power handling, in 
cost- and size-limited implementations, and in scenarios 
where frequency tuning was of importance.

Active three-port nonreciprocal devices can be clas-
sified into two groups: circulators and quasi-circulators 
(QCs). QCs are three-port devices in which the transmis-
sion happens only between two pairs of ports: the third 
pair of ports is isolated in both directions (7). Fully sym-
metric active circulators can raise stability concerns and, 
hence, are usually realized with some loss [26]. QCs 
are of interest in transceivers, where transmitter (Tx)-to-

ANT and ANT-to-receiver (Rx) 
transmissions are necessary 
and the Tx and Rx are always 
isolated. They can also provide 
gain in the two transmission 
directions [26], [27]. Each of 
the circulator and QC catego-
ries can be implemented using 
only transistors and lumped 
components, as shown in [19]  
(Figure 4) or can combine active 
and distributed microwave com
ponents, such as hybrids and 
couplers [26]:

	 .S
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Figure 6 shows an example 
block diagram and implemen-
tation for a fully integrated QC 
[27]. Here, port 1 is connected 
to a transistor-based, unilateral 
(nonreciprocal), in-phase (IP)/
out-of-phase (OoP) divider, 
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Figure 5. The concept of Faraday rotation. (a) A material of length d and an applied 
magnetic field of H0. (b) A wave propagating in the material experiences no Faraday 
rotation in the absence of the magnetic bias. (c) In the presence of a magnetic bias in 
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Ferrite materials are not compatible 
with integrated circuit technology 
because of the high-deposition 
temperatures required.
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one arm of which is connected to port 2, thus establish-
ing transmission from port 1 to port 2. The other arm is 
combined with the signal from port 2 in a unilateral OoP/
IP combiner to create destructive interference at port 3 
(and, hence, isolation between ports 1 and 3). More recent 
examples of active circulators and QCs can be found in 
[28] and [29].

Another example of active devices used to enable 
nonreciprocity is demonstrated in [21] and [30]. These 
nonreciprocal components are built using transistor-
loaded ring resonators that allow only a unilateral cur-
rent to flow inside the loop and create a unidirectional 
rotating magnetic moment similar to the effect of Faraday 
rotation. The implementation of a nonreciprocal isolator 
and circulator using this idea is shown in Figure 7. While 
the basic operating principle is no different from the 
lumped active circulators described previously, the cou-
pling of many such transistor-loaded ring resonators 
together can realize a nonreciprocal metamaterial or syn-
thetic medium.

Active approaches are compatible with IC integra-
tion and have applications in low-power communica-
tion [29] and biomedical systems [31] but, eventually, 
are limited by the noise and nonlinearity introduced 
by the active devices [26]. As a result, they do not find 
utility at the front end of trans-
ceivers for traditional wire-
less communication and radar 
applications, where Tx power 
handling and Rx noise perfor-
mance are paramount.

Using Nonlinearity
As discussed previously, 
another avenue for achieving 
nonreciprocity is by exploit-
ing nonlinearity in a material 
or circuit. An example at opti-
cal frequencies is the Kerr effect, 

in which the permittivity of the medium is nonlinear 
and electric-field dependent. In a third-order nonlinear 
material, f  can be described as

	 | | ,3 E( ) ( )
0

1 3 2-f f | |+^ h � (8)

where ( )
0

1f |  is the linear permittivity of the medium, 
( )3|  is the third-order nonlinear susceptibility, and E is 

the electric field intensity [32].
In such a nonlinear system, an asymmetric physical 

geometry can translate into an asymmetric wave propaga-
tion. For example, consider the following intuitive exam-
ple taken from [33] (Figure 8). Here, we have a cascade of 
two media: one lossless and linear ( )1f  and one nonlinear 
with a complex permittivity of ( )j E2 2f f-l m  (i.e., higher 
loss for larger signals). Let us further assume that there is a 
strong mismatch between the two media, causing a sig-
nificant reflection of signal energy at their interface. If a 
signal enters this combined structure from the left-hand 
side [Figure 8(a)], it travels through the linear medium 
without losing any energy. By the time it reaches the inter-
face, most of the signal bounces back, and a small por-
tion passes through to the nonlinear side. If the signal is 
small enough not to trigger the nonlinear behavior, it can 
go through the system without losing any further energy. 
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However, in the reverse direction, the nonlinear medium 
attenuates the signal exponentially (because much higher 
power is present in the nonlinear medium, the imaginary 
part of the permittivity increases); hence, very little signal 
finds its way to the linear medium and the output.

An RF implementation of an isolator based on the 
third-order nonlinearity of resonators has been dem-
onstrated using a cascade of a nonlinear Lorent-
zian resonators and a nonlinear Fano resonator [32], as 
shown in Figure 9. The nonlinear resonators are built 
by taking advantage of the nonlinear capacitance of 
variable capacitors (varactors).

Some of the disadvantages of the nonlinear approach 
include the following.

1)	 The extent of the nonreciprocal response is signal-
power dependent and usually occurs for only a 
certain range of signal powers. As a result, it is not 

suitable for applications where linearity is critical, 
such as wireless communications.

2)	 The nonreciprocity can be seen only if the device 
is excited one port at a time [34].

Using Time Variance
As mentioned previously, violating time invariance 
can also lead to nonreciprocity, the earliest examples of 
which include nonreciprocal parametric amplifiers [14]–
[17], as shown in Figure 2. These nonreciprocal paramet-
ric amplifiers were based on two important concepts: 1) 
the availability of varactors that can be temporally mod-
ulated using a pump signal and 2) the introduction of a 
dynamic pump in time and space (note the two varac-
tors in each example). Consider a nonlinear voltage-
controlled varactor whose charge–voltage relationship 
is expressed by the following Taylor series:

	 ( ) ( ) ( ) ( ) ,q t C v t a v t a v t0 2
2

3
3 f= + + + � (9)

where C0  is the static capacitance and a si  are the 
higher-order nonlinear coefficients. Ignoring all of the 
higher-order terms except the first- and second-order 
terms, a modulation voltage of ( )cosv tm m m~ z+  across 
the capacitor results in a voltage-dependent variable 
capacitance of ( , ) ( ) .cosC v t C a v tm m m0 2 ~ z= + +  For 
a single-tone input voltage at ,in~  it can be shown that 
the current passing through such a capacitor contains 
tones at in~  as well as .inm !~ ~  While the basic operat-
ing principle of a parametric amplifier has been studied 
with such a nonlinear device, the nonlinearity is not cen-
tral to achieving a parametric response. Assuming that 
we can build a voltage-independent varactor where the 
modulation is caused by another force (e.g., a mechani-
cal force changing the distance between the plates of a 
parallel-plate capacitor), similar frequency translation 
properties are attainable. Similar spatiotemporal modu-
lation techniques have been explored in optics as well, 
examples of which can be found in [35] and [36].

More recently, there has been further progress made 
on breaking reciprocity in electronics through time vari-
ance, specifically spatiotemporal modulation of material 
parameters such as permittivity, permeability, and con-
ductivity [23], [37]–[58]. Such approaches are theoreti-
cally noise-free and can be linear to the desired signal.

Many recent approaches have focused on permittivity 
as the modulated parameter [23], [37]–[40], [42], [43], [59]. 
In the RF domain, permittivity modulation is achieved 
using varactors that exhibit a limited modulation index 
(e.g., / .C C 1 5max min +  in the implementation of [37]). In 
general, in both the microwave and optical domains, 
permittivity modulation is quite weak and associated 
with loss, particularly as the frequency increases. For in
stance, CMOS varactors are prohibitively lossy at mm-
wave frequencies. Permeability modulation has also 
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an orders of magnitude higher 
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been investigated, specifically using Josephson junctions 
as nonlinear inductors [44]–[47]. More recently, we have 
introduced conductivity modulation as an alternative 
approach to achieving nonreciprocity in time-varying 
systems. In contrast to the low-permittivity modulation 
index of varactors, a transistor switch can provide an orders 
of magnitude higher conductivity modulation index. A 
review of these recent approaches is provided in the sec-
tions that follow.

Parametric Modulation
A more recent example of a parametric design was de
monstrated in [37], where the parametric modulation 
is performed along a quasi-distributed transmission 
line. The transmission line is loaded with varactors 
modulated by a traveling single-tone carrier such that 

( , ) ( ( ))cosC z t C t z1 m m m0 p ~ b z= + - +e  (Figure 10), in 
which C0  is the average capacitance, /C Cm 0p =e  is the 
modulation index, Cm  is the amplitude of the modulated 
capacitance, and mb  and mz  are the wave vector and phase 
constant of the modulating carrier, respectively.

A simplified analysis of such a structure was carried 
out in [37], which shows that input signals launched 
in the same direction as the modulation carrier gradu-
ally convert to the frequency-shifted side-bands as z 
increases. At / ,z 2inm p= e  where inm  is the wavelength 
of the input signal, all of the signal power is converted 
to the mixing terms. The smaller the modulation index 

,pe  the longer the length required for a full harmonic 
conversion, increasing the dimensions of the device. If 
the modulation frequency is higher than the signal fre-
quency, the signal can also have a gain proportional to 
the frequency ratio of the upconverted and input signals.

For signals propagating in the opposite direction, 
it has been shown that no harmonic conversion takes 
place. A tradeoff exists between the choice of ,fm  the 
power consumption in the modulation path, and the 
gain of the frequency-translated signal. Additionally, 

the noise performance of such approaches depends on 
the loaded quality factor of the transmission line, the 
quality factor of the individual varactors, and the per-
mittivity modulation index [37]. Although not discussed 
in [37], phase noise in the modulation signal can also 
impact noise performance. Finally, the effect of noise 
folding from the sidebands should be taken into account 
and can be minimized by a low-pass filter at the input.

Angular Momentum Biasing
Inspired by Faraday rotation, a nonreciprocal response 
can also be achieved using angular-momentum biasing 
of a resonant ring [38]. An effective electronic spin is 
enabled by the spatiotemporal permittivity modulation 
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with a traveling wave along the ring (Figure 11). Addi-
tionally, resonators can be used to miniaturize the 
size of the ring significantly, while boosting the weak 
permittivity modulation effect because of the limited 
modulation ratio, resulting in a stronger nonreciprocal 
response at the subwavelength scale. The resonators 
(bandpass or bandstop) can be connected together in 
various forms, such as delta or wye topologies [39], [60]. 
The resonators must exhibit high loaded Q to achieve 
significant impedance change, and this limits the oper-
ation’s bandwidth. Additionally, the inductors and the 
varactors must have even higher unloaded Q to achieve 
low loss, which is fundamentally challenging, particu-
larly on integrated semiconductor substrates.

It is shown in [61] that the bandwidth of the any pseudo-
LTI, magnetic-free circulator is smaller than that of 
twice the modulating bandwidth. This implies that, 
for larger bandwidths, a higher modulation frequency is 
required. However, by increasing ,fm  the dynamic power 
consumption is increased. Additionally, varactors—and 
permittivity modulation in general—also exhibit a 
tradeoff between modulation index and loss, particu-
larly as the operating frequency is increased. Similar 
to parametric approaches, the noise performance in 
angular-momentum-based devices depends on the reso-
nators’ loaded Q and the unloaded Q of the varactors. 
Phase noise in the modulation signal can also impact 
the noise figure by creating random variation in the har-
monic S-parameters. Proper design of the modulation 
circuitry can lower such undesired effects, and a noise 
figure close to the insertion loss can be achieved [39].

Conductance Modulation
In the circuits community, temporally modulated systems 
are commonly known as linear periodically time-varying 
(LPTV) circuits. One of the earliest reports on LPTV cir-
cuits dates back to 1947 [62], as shown in Figure 12. Here, 
a rotating brush periodically contacts a bank of capacitors 
to essentially commutate the signal across the capaci-
tors, realizing a comb filter at harmonics of the rotation 
frequency. Such commutated networks came to be called 
N-path filters. In subsequent decades, commutated net-
works attracted considerable attention [63]–[65].

More recently, N-path filters have reemerged, primarily 
because of the availability of high-speed switches in in
tegrated CMOS technology to realize tunable RF high 
Q filters [66], [67]. A transistor switch can have an orders 
of magnitude higher modulation index ( /R ROFF ONRp =  
in the order of )10 103 5-  than the permittivity modula-
tion index of a varactor .pf^ h  Recently, we have shown 
for the first time that integrated LPTV circuits enable non-
reciprocity through the spatiotemporal modulation of the 
conductivity of a medium [48]–[58], [68]. 

The following sections review our recent results on 
commutated network-based CMOS circulators span-
ning RF to mm-wave frequencies.

N-Path Filter-Based Nonreciprocal Devices
It has been shown that applying a relative phase shift to 
the nonoverlapping clocks driving the input and output 
switch sets of a two-port N-path filter imparts a nonre-
ciprocal phase shift to the signals traveling in the for-
ward and reverse directions because they see a different 
ordering of the phase-shifted switches [68] [Figure 13(a)]. 
Essentially, the two-port N-path filter with a clock phase 
shift of °90  realizes an electrically infinitesimal gyrator 
without the need for bulky passives such as inductors or 
transmission lines.

To convert phase nonreciprocity to nonreciprocal 
wave propagation, an N-path filter with °90!  phase shift 
is placed inside a transmission line loop having a length 
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Figure 12. An early mechanical implementation of commutated networks [62].

N-path filters have reemerged, 
primarily because of the availability 
of high-speed switches in integrated 
CMOS technology to realize tunable 
RF high Q filters.
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of /3 4m  [50]. The combination of the N-path filter’s 
nonreciprocal phase shift with the transmission line’s 
reciprocal phase shift results in unidirectional wave 
propagation. Additionally, a three-port circulator can 
be realized by placing ports anywhere along the loop, 
as long as a /4m  circumferential distance is maintained 

between them. Maximum linearity with respect to the Tx 
port is achieved if the circulator is designed asymmet-
rically and the Rx port is placed adjacent to the N-path 
filter, because the inherent Tx–Rx isolation suppresses 
the voltage swing on either side of the N-path filter, thus 
enhancing its linearity to Tx signals [Figure 13(b)].
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Switched Transmission-Line-Based 
Nonreciprocal Devices 
Inspired by the N-path filter-based RF circulator dis-
cussed previously, a generalized conductivity modu-
lation concept is proposed using switched transmission 
lines [53], [55]. This structure consists of two sets of dif-
ferential mixer-quad switches on either side of a differ-
ential transmission-line delay (replacing the commutated 
capacitors), as shown in Figure 14(a). The switches are 
clocked at a modulation frequency ,fm  and the delay 
of the line is equal to /T 4m  / .f1 4 m^ h  The switches are 
clocked using 50% duty-cycle square-wave clocks with a 
relative phase shift of / .T 4m  As a result, waves traveling 
from left to right experience the transmission-line delay 
with no sign flips in either half of the clock period. On the 
other hand, waves traveling from right to left experience 
the transmission-line delay along with one sign flip.

In this structure, transmission in both directions is 
perfectly lossless, and there is an infinitely broadband 

°180  nonreciprocal phase difference. In other words, the 
structure realizes an infinitely broadband gyrator. The 

key aspect of this architecture is that the infinite band-
width of the gyrator implies that the signal frequency 
and modulation frequency are completely decoupled. 
An arbitrarily low-modulation frequency can be used, 
with the only restriction being an associated increase 
in the transmission line length, and hence, loss. This 
advantage has been leveraged to implement circula-
tors at mm-waves while the modulation frequency 
is still at RF [54] and to implement RF circulators with 
high power handling through the use of high-voltage 
switches [56].

Another important feature of this infinitely broad-
band gyrator is that, while it is internally time-varying, 
it appears externally LTI, with no mixing products 
between the signal and the modulation seen at the ports. 
As a result, there is no folding of noise from other fre-
quencies to the signal frequency of interest.

Similar ideas related to switched transmission lines 
used in realizing broadband nonreciprocity have been 
explored in [69], [70], and [71] (Figure 15). Recently, we 
have also shown that broadband transmission-line delay 
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can also be replaced with a bandpass delay structure, 
which offers certain design benefits that enable scaling 
to higher operating frequency at the expense of finite  
operating bandwidth [72].

Implementation Examples and State-of-the-
Art Spatiotemporal Nonreciprocal Devices

Approaches Based on Permittivity 
Modulation
In [37], a nonreciprocal circulator is built using a para-
metric transmission line with distributed modulated 
capacitors, the concept for which was previously dis-
cussed. Because of the parametric nature of this device, 
the signals traveling in the same direction as the pump 
signal shift in frequency, while the signals traveling in 
the opposite direction pass through the device with no 
frequency shift; hence, an additional diplexer is required 
on one side to separate the incoming and outgoing waves, 
as shown in Figure 10. Moreover, to bring the signal back 
to its original frequency, additional frequency convert-
ers are required. Such a parametric structure can provide 
gain in the frequency-shifted path; however, there is a 
direct tradeoff between the power consumption of the 
clock generation circuitry and the maximum gain.

Various PCB based designs exploiting surface-
mount components and using the angular momentum 
biasing technique have been reported in the recent past 
in the RF domain [39], [40], [61]; these have significant 
improvements over the original structure reported in 
[38]. Losses below 2 dB have been observed in a differ-
ential structure. Tx–ANT P1dBs approaching 1 W have 
been achieved as well. However, the IIP3 in the Tx–
ANT path is limited to 30-dBm++  levels, rendering 
these prototypes unsuitable for commercial Wi-Fi or 
cellular applications where IIP3s of 05+  to 07 dBm+  

are required. These prototypes may be useful in 
applications where the Tx signal is not modulated, 
such as RFID. Furthermore, a tradeoff exists between 
the maximum achievable isolation bandwidth and the 
device loss, because higher Q is required to lower the 
loss, in turn narrowing the bandwidth. Higher-order 
resonators or filters can be used to improve Q  but at 
the cost of increased loss. Angular momentum biasing 
can also be implemented at mm-wave frequencies, an 
example of which is demonstrated in [73] using three 
parametric mixers in a loop. However, the poor Q  of 
varactors at mm-waves results in high loss levels.

Moreover, the spatiotemporal modulation of permittiv-
ity can also be applied to the coupling between waveguides 
and resonators and so synthesize arbitrary nonreciprocal 
transfer functions [43], [74]. Table 1 provides a summary of 
state-of-the-art nonreciprocal circulators based on spatio-
temporal modulation of permittivity.

Approaches Based on Conductivity 
Modulation
The first integrated, magnetic-free, conductivity-based 
passive circulator was demonstrated in a 65-nm CMOS 
technology in [48]–[50] (Figure 13). The circulator is 
implemented using a phase-shifted N-path filter sur-
rounded by a /3 4m  transmission-line loop. It has 
been designed for an operation frequency of 750 MHz 
( / )f f 1min =^ h and achieves sub-2-dB loss between its 

Tx–ANT and ANT–Rx ports. It also takes advantage of 
the linearity enhancement technique for Tx-side excita-
tions as described previously, improving the Tx–ANT 
IIP3 by roughly two orders of magnitude based on the 
measured performance.

The switched delay-line concept was exploited to 
realize a 25-GHz, fully integrated passive circulator 
in a 45-nm silicon-on-insulator (SOI) CMOS, as shown 
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Figure 15. (a) The switched delay-line concept introduced in [69] and [70] and (b) a chip photo of a three-port circulator 
fabricated using the 0.2-nm GaN HEMT process. MUX: multiplexer.
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in Figure 14 [53], [55]. Modulation was performed at 
one-third of the operating frequency (i.e., 8.33 GHz). 
The lowering of the modulation frequency, as well as 
the need for 50% duty-cycle clocks (as opposed to the 
numerous low duty-cycle clocks in N-path filters), is 
critical because clocking switches at mm-wave frequen-
cies is impractical in current CMOS IC technology. The 
infinitely broadband phase nonreciprocity of the gyra-
tor also implies a broader bandwidth of operation for the 
resultant circulator. This idea has also been extended to 
an implementation at 60 GHz with a /f fmin  of 7 based 
on switching of bandpass delay lines, as discussed 
previously [72]. The impact of clock and transmission-
line imperfections is discussed in further detail in [55], 

which shows minimal penalty because of mismatched 
delay between the switches and the transmission line. 
Additionally, by reducing the modulation frequency, the 
effect of finite rise-and-fall times is minimized.

A more recent, highly linear RF circulator based on 
the switched-transmission line structure was reported 
in [56], demonstrating enhanced power handling and 
linearity at 1 GHz of operating frequency. The switches 
are modulated at 333 MHz, which enables the use of 
thick-oxide devices in 180-nm SOI CMOS technology to 
boost power handling to close to 1 W+  (Figure 16). The 
Tx–ANT IIP3 exceeds +50 dBm, enabling this technique 
to approach the performance required for commercial 
Wi-Fi and cellular applications. Ongoing unpublished 
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TABLE 1. A performance summary of state-of-the-art nonreciprocal circulators based on spatiotemporal 
modulation of permittivity.

Reference Technique 
Frequency of 
Operation (GHz) fin/fm

Tx–ANT/ ANT–Rx 
Transmission 

Tx–Rx Isolation 
Bandwidth (BW)

Tx–ANT 
P1dB /IIP3 Platform 

[37] Parametric 
modulation

0.45–1.8 .0 11+ - 
.0 431

. .0 35 1 5to ,2 3++ -  
.1 3 6to ,2 3++ - dB  

100%  
dB( )132

N/A / 
33 4dBm

PCB 

[39] Angular 
momentum 

1 5.26 . .3 3 3 56to 5- - dB 2.4%  
dB( )202

/29+
.33 7+ dBm 

PCB 

[40] Angular 
momentum 

1 10 .1 78 2to 5- - dB 2.3%  
dB( )202

/28+  
31+ dBm 

PCB 

[61] Angular 
momentum 

1 9.1 . . /4 2 5 8to- - dB  
. .4 25 5 5to 5- - dB

13.9% dB( )202 N/A PCB 

[73] Angular 
momentum 

85–110 76 . .4 58 8to 7- - dB 13.5% dB( )20 72 /11.2 dBm3+  
N/A 

65-nm 
CMOS

1fm = 4.23 GHz. 2Across the operation frequency range. 3Deduced from Figures 11 and 12 of [37]. 4Simulation result. 5At center frequency across the 20-dB isolation BW. 6At 
100 GHz. 7Deduced from Figure 17(a) in [73].
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research indicates the ability to boost power handling by 
another order of magnitude while maintaining/improv-
ing other performance metrics.

Additionally, we employ an ANT-balancing technique 
by using feed capacitors between the Tx–Rx and ANT–
Rx ports to overcome the effect of limited isolation due 
to mismatches at the ANT port. Because there is a 90°-  
inherent phase difference between the signals at the Tx 
and ANT ports and thanks to a differential implementa-
tion, orthogonal currents can be generated at the Rx port; 
hence, a complete coverage of a voltage standing-wave 
ratio of up to 1.85 can be achieved without any inductive 
or resistive elements. A summary of state-of-the-art non-
reciprocal circulators based on the spatiotemporal modu-
lation of conductivity is presented in Table 2.

The noise generated in conductivity-modulation-
based approaches comes from three main sources: 1) the 
switch resistance of the transistors and limited Q of the 
transmission lines, 2) the noise folding from the har-
monics, and 3) the effect of the phase noise of the modu-
lating clock [39]. It has been shown that the noise figure 
of conductivity-modulation-based approaches can be as 
low as their insertion loss and, hence, mostly limited to 
the effect of switch resistance and the limited Q of 
the passives [55], [56]. Additionally, the performance of 
the nonreciprocal devices should be maintained, even 
under the application of a large-signal Tx or interfer-
ers. Further analysis of the interaction of modulation 
phase noise with the powerful Tx signal (reciprocal 
mixing-like effects) is an ongoing effort. More in-depth 
discussions of such effects can be found in [52] and [55].

RF Electroacoustics and 
Electromechanical Devices
To further increase the modulation frequency ratio /f f  min^ h  
and lower the modulation path power consumption at the 

expense of operating bandwidth, recent work has focused 
on using electroacoustic components such as surface 
acoustic wave (SAW) devices, film bulk acoustic resona-
tors (FBARs), and other microelectromechanical (MEM) 
resonators, which provide much higher Q resonators and 
larger group delays compared to on-chip and surface-
mount device passives.

In [76], a 1.95-GHz circulator was designed and im
plemented based on the conductivity modulation tech-
nique, with a SAW filter used as the delay medium 
between two sets of quad switches. The modulation fre-
quency is chosen to be 50 MHz, and the measurements 
have shown close to a 3-dB loss and more than 40-dB 
isolation between the Tx and Rx ports (Figure 17).

The authors of [77] demonstrated an FBAR circula-
tor based on the concept of angular momentum biasing. 
FBARs work at higher frequencies compared to SAW 
resonators. The 2.5-GHz prototype was built using three 
FBARs along with series varactors to modulate each res-
onator at a much lower frequency. The device achieves 
a very high /f fmin  ratio but is extremely  lossy (an 11-dB 
insertion loss). Another example using MEM resonators 
was shown in [78], where FBAR-based MEM tank cir-
cuits were exploited to design an angular momentum-
biased circulator at 2.5 GHz with 4.2 dB of loss and high 
linearity (Figure 18). Other examples of these techniques 
have been demonstrated in [75], [79], and [80]. Table 3 
provides a performance summary of recent work in 
the area. While these approaches provide much higher 
modulation frequency ratios, their performances are still 
far from the performances of the integrated approaches 
discussed previously.

Applications of Nonreciprocal Devices
Nonreciprocal components such as gyrators, isolators, cir
culators, unilateral parametric amplifiers, and nonreciprocal 

TABLE 2. A performance summary of state-of-the-art nonreciprocal circulators based on spatiotemporal 
modulation of conductivity.

Reference Technique 
Frequency 
of Operation fin/fm

Tx–ANT/ ANT–
Rx Transmission

Tx–Rx 
Isolation BW 

Tx–ANT 
P1dB /IIP3 PDC Platform 

[50] Conductivity 
modulation

610– 
975 MHz 

1 . ./1 7 1 7- - dB 1.9% dB( )252  
0.33% dB( )402

N/A /  
dB.27 5 m+

59 
mW 

65-nm 
CMOS 

[56] Conductivity 
modulation

860– 
1,080 MHz 

3 . / .2 1 2 9- - dB 17% dB( )252  
3.1% dB( )402  

. /30 7+  
dB50 m+  

170 
mW

180-nm 
SOI CMOS

[55] Conductivity 
modulation

25 GHz 3 . / .3 3 3 2- - dB 18% dB( ).18 52 . /21 5+  
dB.02 1 m+  

78.4 
mW

45-nm SOI 
CMOS 

[70] Conductivity 
modulation

10 MHz–
1.5 GHz 

.0 004- 

.0 61
..5 4 7 5- - dBto  100% dB( )202  dB /9 m2+  

N/A 
560 
mW

.0 2- mn  
GaN HEMT

[75] Conductivity 
modulation

10–900 MHz .0 42- 
.37 83

. .5 71 6- -to dB 100% dB( )242 N/A N/A PCB 

1fm = 2.5 GHz. 2At 200 MHz. 3fm = 23.8 MHz.
GaN: gallium nitride.
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phase shifters are critical for various RF and mm-wave 
applications, including communications, radar, quan-
tum signal processing, imaging, and sensing.

Circulators and isolators find applications in high-
power cellular base stations and in U.S. Department of 
Defense radios to protect high-power amplifiers from 
back ANT reflections. High-performance circulators also 
find application as the shared ANT interface for trans-
ceivers in emerging wireless communication paradigms, 
such as full-duplex (FD) [81]–[84] and FD multiple-input, 
multiple-output systems [85], [86], and in frequency-
modulated continuous-wave radar. FD aims to instantly 
double the link capacity in the physical layer, by simulta-
neously transmitting and receiving at the same frequency, 
and provide other benefits in the higher layers [83], [84]. 
Various implementations of FD systems with integrated 
N-path filter-based nonreciprocal ANT interfaces have 
been shown [51], [52], [86], [87], in which the N-path filter 
in the circulator can be repurposed as a downconverting 
mixer, directly providing the baseband received signals 
on the N-path filter capacitors [51]. N-path filter-based 
circulator Rx FD phased-array front ends can also enable 
baseband beamforming with minimal overhead, by vir-
tue of their multiphase outputs [87]. Additionally, nonre-
ciprocal ANT interfaces can incorporate the ANT tuner 
required for many wireless applications, an example of 
which (described previously) was implemented in [56].

Nonreciprocal components also find applications in 
solid-state superconducting quantum signal processing 
systems. Many quantum measurement setups have spe-
cific readout requirements, such as microwave reflection-
based measurement setups using nonreciprocal devices 
to separate the input and output channels and also meet 
stringent noise requirements [44]–[47]. 

Nonreciprocal devices have long been used in bio-
medical radar and imaging systems [31], [88]–[91]. To 
date, most such systems use either magnetic circulators 
or QCs. As the spatiotemporal modulation techniques 
to achieve nonreciprocity mature, it will be of interest 
to see how they can contribute to the next generation of 
biomedical systems and devices.

Conclusions
Thus far, nonreciprocal devices have been an integral part 
of many electrical and optical systems. Among the vari-
ous approaches that enable nonreciprocity, the spatiotem-
poral modulation of material properties, e.g., permittivity 
and conductivity, has gained the most attention in the 
recent past because of its potential for noise-free, highly 
linear operation. These magnetic-free approaches are also 
compatible with IC technology, have much smaller form 
factors, and enable high performance and reconfigurable 
implementations. Tables 1–3 summarize the results of the 
most recent advances using spatiotemporal modulation.
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