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This paper introduces a self-biased broadband magnet-free and linear isolator based on one-way space-time
coherency. The incident wave and the space-time-modulated medium share the same temporal frequency and
are hence temporally coherent. However, thanks to the unidirectionally of the space-time modulation, the space-
time-modulated medium and the incident wave are spatially coherent only in the forward direction and not in the
opposite direction. As a consequence, the energy of the medium strongly couples to the propagating wave in the
forward direction, while it conflicts with the propagating wave in the opposite direction, yielding strong isolation.
We first derive a closed-form solution for the wave scattering from a spatiotemporally coherent medium and then
show that a perfectly coherent space-time-modulated medium provides a moderate isolation level which is also
subject to one-way transmission gain. To overcome this issue, we next investigate the effect of space-coherency
imperfection between the medium and the wave, while they are still perfectly temporally coherent. Leveraging
the spatial-coherency imperfection, the medium exhibits a quasiarbitrary and strong nonreciprocal transmission.
Finally, we present the experimental demonstration of the self-biased version of the proposed broadband isolator,

exhibiting more than 122% fractional operation bandwidth.
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I. INTRODUCTION

Creating nonreciprocal devices and isolators requires si-
multaneous breaking of both the time-reversal symmetry
and the spatial inversion symmetry. This is conventionally
achieved using mageto-optical materials possessing an asym-
metric permittivity tensor [1-5], magnetically biased ferrites
[6,7], and magnetically biased two-dimensional (2D) electron
gas (2DEG) systems [8,9]. However, on-chip integration of
magneto-optical materials is still difficult to achieve, partic-
ularly in silicon, which is compatible with complementary
metal-oxide semiconductor technology. Magnetically biased
isolators exhibit high power handling and high isolation,
but they require bulky magnets and are incompatible with
integrated circuit technology [10]. Two alternative approaches
are transistor-based isolators [11-13] and nonlinear isola-
tors [14-19], which eliminate the bulky magnet and are
compatible with integrated circuit technology. However, the
active transistor-based technology suffers from limited power
handling and noise performance and its application to high
frequencies and optics is impeded by frequency limitations of
transistors [11,13]. Nonlinear isolators, on the other hand, may
operate at optical frequencies, but they only provide isolation
to high power signals, while low-level signals pass through
them reciprocally [20].

To overcome the restrictions associated with the afore-
mentioned approaches, one can instead break the Lorentz
reciprocity using magnet-free linear structures undergoing
space-time modulation [21,22]. Such dynamic structures result
in linear isolators with responses that are independent of the
power of the input signal. Space-time-modulated media were
initially studied in the context of traveling wave parametric
amplifiers, where a transmission line with distributed shunt
capacitance is electronically modulated in synchronism with
the incident wave but at twice its frequency [23-26]. This
topic has recently regained a surge of scientific interest due to
recently discovered exotic phenomenon in these media, such
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as for instance interband photonic transitions and associated
nonreciprocal frequency generation [21,27].

The space-time modulation technique is compatible with
circuit technology and integrated optical networks and has
been recently utilized for realization of microwave and optical
isolators [21,22,28-32], circulators [33], nonreciprocal meta-
surfaces [34-36], and nonreciprocal integrated components
[37-39]. The operation of these components are mainly based
on the interband photonic transitions provided by a space-time-
modulated structure [21]. In a spatiotemporally modulated
waveguide, the required energy and momentum is provided
by the space-time modulation for making a transition from
one mode to another mode. However, no transition occurs in
the opposite direction as the provided energy and momentum
does not correspond to another mode of the waveguide in the
opposite direction. However, such a technique suffers from
requiring a transversally asymmetric profile for the space-time-
modulated region. In addition, its application as an isolator
requires a bandpass filter. Intraband transitions, a transition
from one mode to itself, does not require any transverse asym-
metry and hence easier to fabricate. However, it is plagued with
infinite number of undesirable space-time harmonics [22].

This paper introduces a new technique for achieving
linear isolation based on unidirectional coherency between
the incident wave and the space-time-modulated medium.
The space-time modulation and the incident wave share the
same temporal frequency, and are hence temporally coherent
regardless of direction of the incident wave. As a result,
the nonreciprocal operation of the structure is dictated by
the spatial coherency difference between the unidirectionally
space-time-modulated medium and the incident wave. At
certain space-time modulation phase shifts and modulation
depths, corresponding to the space-time coherency conditions,
the structure operates as an isolator. The proposed structure
provides broad operation bandwidth and small size and,
hence, exhibits superior efficiency compared to previously
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FIG. 1. Electromagnetic isolation based on nonreciprocal co-
herency of a plane wave with a periodically space-time-modulated
medium. (Top) coherency between the space-time variations of the
+z propagating wave and the slab leads to full transmission of the
wave. (Bottom) incoherency between the space-time variation of
the —z propagating wave and the slab yields reflection of the wave.

reported space-time isolators [21,22,30,32,34,35]. The input
signal modulates the structure itself, and it thus operates as a
self-biased isolator. Moreover, the proposed spatiotemporally
coherent isolator is capable of providing transmission gain,
as well as introducing nonreciprocal reflection gain, which
may find various applications, particularly in radar, optics,
nonreciprocal metasurfaces, and illusion cloaks. This paper
exhibits the implementation of the microwave version of
the proposed self-biased broadband spatiotemporally coherent
isolator using varactors. Such a structure may be implemented
in terahertz and optics using vanadium dioxide materials
[40,41], which represents an interesting topic of research.

The paper is organized as follows. Section II presents
the operation principle and Sec. III derives the closed form
solution for nonreciprocal electromagnetic scattering from the
isolator. Space-time coherency conditions are described in
Sec. IV. Finally, Sec. V presents the experimental demon-
stration of both the externally biased and self-biased versions
of the proposed isolator using a transmission line loaded with
an array of space-time-modulated varactors.

II. OPERATION PRINCIPLE

Figure 1 shows a generic representation of the spatiotem-
porally coherent isolator. The isolator consists of a slab with
thickness L and permittivity

G(Z,t) = €av t €m COS(ﬂmZ — wol + ¢m)a (1)

sandwiched between two semi-infinite unmodulated media.
In (1), €,y denotes the average effective permittivity of the
unmodulated slab, €, represents the modulation depth, ¢y,
is the modulation phase, and wg and S, are, respectively,
the modulation temporal and spatial frequencies. Considering
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the unidirectionality of the space-time modulation, with the
modulation phase velocity of vy, = wo/Bm, the structure
is inherently nonreciprocal. The modulation phase velocity
may be smaller or greater than the phase velocity of the
background medium, v, = ¢/, /€, with € and ¢ = 1/,/o€o
being the relative permittivity and the speed of light in
vacuum, respectively. We consider a y-polarized plane wave,
represented by Ej and temporal frequency wy, as

Ei(z,t) = §Eqe/Pozment), 2)

impinging the periodically space-time-modulated slab in
Fig. 1. In (2), E( represents the amplitude of the incident wave
and py is the spatial frequency of the wave in the unmodulated
medium, i.e., By = wo/vy, = woc/ /€. We define the velocity
ratio as the ratio between the modulation and background
phase velocities [22], as

_m_ o &
v = Up B ,Bm 6av7 (3)

fo=——, “

is the spatial frequency of the wave outside the space-time-
modulated medium, in the unmodulated regions with the
permittivity €, and

where

o = LY )
cy

being the spatial modulation frequency in the modulated
medium with the average permittivity €,,. We call the problem
with the incident wave propagating towards the +z direction,
shown in the top of Fig. 1, as the forward problem, denoted by
the superscript “F,” while the problem with the incident wave
propagating towards the —z direction, shown in the bottom
of Fig. 1, will be called the backward problem, denoted by
the superscript “B.” It should be noted that the forward and
backward problems both create forward and backward waves,
inside and outside of the space-time-modulated slab. Here, the
temporal frequency of the incident wave, wj, and the one of
the space-time-modulated medium are assumed to be equal,
leading to perfect temporal coherency between the incident
wave and the medium.

III. CLOSED-FORM SOLUTIONS FOR
THE SCATTERED FIELDS

This section derives the scattered fields for the forward and
backward problems shown in Fig. 1. We may consider a +z
propagating incident field, given in (2), for both forward and
backward problems, whereas the forward problem assumes a
+z traveling modulation, [€(z,7) = €,y + € c0S(Bmz — wof +
¢m)], and the backward problem assumes a —z traveling
modulation as [€(z,t) = €,y + €m cOS(Bmz + wot + dm)]. As
shown in Sec. 1 of Ref. [42], considering the following
transformation:

W =2y 2€_mej(ﬁmz—wot+¢m)/2’ t = ¢ (6)
€av
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the electric field inside the spatiotemporally coherent medium
reads

En(W,1") = §AS () (W) + §BE (1)Ko (W),  (Ta)

where I,(W) and K,(W) are the modified Bessel functions
of the first and second kinds which are the solutions to the
modified Bessel differential equation in (S9a) in Ref. [42],
with o defined as

a=2y. (7b)

The unknown field coefficients in (7a), A¥E and BFB, will
be found by applying the spatial boundary conditions at W =
Wo=W(z=0,7) and W =W, = W(z = L,t), separately
for forward and backward problems. We wish to calculate
the fields scattered by the slab. As it is shown in Sec. 2 of
Ref. [42], we may find the fields scattered by the coherent
space-time-modulated medium for forward and backward
problems, namely the reflected fields, EE’B, and the transmitted

fields, EE’B, as

ExP(z,t) = §[A®P 1, (WyP) — BRBK,(Wy"°) — Ege/™" ]

x elboz, (8a)
B (z.r') = 9™ L (WF®) 4+ B2 K, (W) Je im0,
(8b)
with
Wi =Wg =We=0)= 2y\/i€zef”’°’*¢m>/2 (8c)
av
and

[2€m
WLF’B =W(E=L)=2y E_mej(iﬂmL—wot-i-%)ﬁ. (8d)

The unknown field coefficients AP and BFB are deter-
mined by satisfying the boundary conditions at z =0 and
z = L. These terms are derived in Sec. 2 of Ref. [42], as

AF — BFK"‘L(WD’ (92)
Loy1 (W)
F —2q Ege/ ™"
" Wo[Kemt (Wo) = Kot (WE) et (Wo) ot (W)
(9b)
for the forward problem, and
AB = BBM, (10a)
Lot (WD)
B 20 Egel®
 Wo[Kas1(Wo) — Kot (WE) Lut (Wo)/ Tar (WE) ]
(10b)

for the backward problem. As expected from the unidirec-
tionality of the space-time modulation in (1), AB # AF and
BB £ BY. It may be simply verified that in the particular
case where the spatial modulation frequency is switched off

PHYSICAL REVIEW B 96, 235150 (2017)

Space-time modulated medium
&yt E.c08(B z— ot + 1)

Forward problem

)—L—
o [ .~*
F .," “\ F F
E; ”," . E; >E,
ar® ‘-)
Perfect coherency
(a)
‘Backward problem
L=24,12 <«
E}~0 EP
P .--"‘

Perfect incoherency

0 L
(b)

FIG. 2. One-way space-time coherency in the unidirectionally
space-time-modulated medium in Fig. 1. The medium assumes length
of L = Ay/2 = mv,/wy and modulation phase of ¢y, = 7, €5y = €,
and y = 1. The temporal modulation frequency, wy, of the medium is
equal to the temporal frequency of the forward and backward incident
waves EIB F , while the spatial modulation frequency, B, of the
medium is equal to the spatial frequency of the forward incident wave,
Bm = B, but opposite the spatial frequency of the backward incident
wave, i.e., fn = — ﬂ}f. (a) Forward problem: perfect coherency; and
(b) backward problem: perfect incoherency.

(Bm = 0), so that W2 = W}, these inequalities transform to
equalities, and therefore, represent the field coefficients of a
reciprocal system.

It may be seen from (8b), with its coefficients in (9) to (10),
that the medium is linear, where the output of the medium Er
linearly follows the input wave Ej. Linearity represents one of
the main advantages of spatiotemporally modulated isolators,
in oppose to nonlinear isolators, where an appropriate isolation
is provided for high power signals, while weak signals pass
through them reciprocally [20].

IV. SPACE-TIME COHERENCY CONDITIONS

A. Perfect one-way space-time coherency (B, = By)

Figure 2 illustrates the electromagnetic wave transmission
through the unidirectionally coherent space-time-modulated
medium. Consider the plane wave in (2) impinging in the
space-time-modulated medium with the permittivity in (1),
where the spatial modulation frequency, By,, and the temporal
modulation frequency, wy, are respectively equal to the spatial
frequency and temporal frequency of the incident electro-
magnetic wave Ep, i.e., B, = Bo. This means the incident
wave and the modulation propagate at the same velocity, and,
depending on the space-time modulation specifications, this
may lead to constructive or destructive interference between
the incident wave and the modulated medium. The medium
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FIG. 3. Investigation of one-way space-time coherency in the
medium shown in Fig. 2 with L = 1,/2 = vy /wy, €2y = & = 7.06,
and wy = 2w x 2 GHz. The spatial modulation frequency, B, and
temporal modulation frequency, wy, are respectively equal to the
spatial frequency and temporal frequency of the excitation electro-
magnetic wave E; (y = 1). (a) Effect of the modulation phase, ¢y,, on
the forward transmission coherency for different modulation depths,
i.e., €m/€, = 0.04, 0.1, and 0.15. (b) Effect of the modulation phase,
P, on the forward and backward transmissions for €,,/€,, = 0.15.

assumes length of L = A,/2 = mv,/wo and a modulation
phase of ¢, =7 and y = 1. Figure 2 reveals that, such a
unidirectional space-time-modulated medium provides perfect
forward coherency and perfect backward incoherency. We aim
to achieve an appropriate isolation between the forward and
backward transmissions using proper modulation parameters,
Pm, €m, and By L.

To best understand the operation principle of the structure
in Fig. 1, here we investigate the effect of the modulation
phase ¢y, on the forward and backward transmissions. Figure 3
plots the closed-form solution result for the transmitted field
through the space-time-modulated medium in Fig. 2 versus
the modulation phase ¢p,. The length of the medium reads
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L = Ay/2 = mvp/wo, and the transmitted field is achieved for
different modulation depths, €,/€,y = 0.04, 0.1, and 0.15. It
may be seen from Fig. 3 that maximal forward space-time
coherency gain is achieved for certain phase shifts where the
medium and the electromagnetic wave are perfectly coherent,
i.e., om = 2n + 1)wr withn = 0,1, .... In contrast, maximal
forward space-time coherency loss (reflection) is achieved for
certain phase shifts where the medium and the electromagnetic
wave are perfectly incoherent, i.e., ¢, = 2n)mr with n =
0,1, .... Interestingly, increasing the modulation depth €, /€,y
from 0.04 to 0.1 and 0.15 yields injection of more energy to
the medium. As a result of the forward coherency, this energy
will then couple to the forward propagating wave and yield
higher transmission gain.

Figure 3(b) plots the closed-form solution results for
both the forward and backward transmissions through the
structure in Figs. 2 with the same parameters as in Fig. 3
and only for €, /€,y = 0.15. Maximum isolation between the
forward and backward propagating waves is achieved at the
coherence phase shifts, whereas the forward wave is perfectly
coherent with the medium, and the backward wave is perfectly
incoherent with the medium. The length of the medium is
considered as L = Ag/2, which ensures maximal contrast
between the forward and backward transmissions.

B. Design flexibility based on space-coherency imperfection
(Bm # Bo)

The perfect spatiotemporally coherent medium in Fig. 2
(with By, # Bo) provides moderate isolation between the
forward and backward incident waves. However, the provided
isolation level, shown in Fig. 3(b), may not be sufficient for
most of the applications. Furthermore, the isolation is subject
to the transmission gain, which may not be always desired.
Therefore, this subsection investigates effect of the space-
coherency imperfection, S, # Bo (¥ # 1), on the operation
of the temporally coherent medium in Fig. 1. We use the
closed-form formulas in Sec. I1I to study the effect of different
parameters on the nonreciprocal transmission. The space-
coherency in the medium in Fig. 1 depends on its length L, the
modulation phase ¢n,, the velocity ratio y, and the modulation
depth €.

Figure 4 plots the amplitude of the forward and backward
transmitted waves versus the modulation depth for different
velocity ratios, y =1, 2, 6.66, and 9, computed using (8b)
with ¢, = 1.3187, €,y = €, = 7.06, wy = 2t x 2 GHz, and
L = 2),. Torealize a coherent space-time-modulated isolator,
we seek for the space-time modulation parameters corre-
sponding to the unity forward transmission (E% /E1~ 0 dB)
and minimum backward transmission E‘T3 JEr L E¥ /Eyr. As
we see in Fig. 4(c), forward transmission of E$ /Ey =0 dB,
corresponding to the isolation level of 24.5 dB, is achieved for
y = 6.66 and €, /€, = 0.3.

We next investigate the effect of the velocity ratio on the
isolation between the forward and backward transmissions.
Figure 5 plot the nonreciprocal transmission through the space-
time-modulated medium in Fig. 1, computed using (8b), with
the same parameters as in Fig. 4, except for varying y and fixed
modulation depth €, = 0.3€,,. This figure shows that forward
transmission of EITD/EI =0 dB with the isolation level of
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FIG. 4. Nonreciprocal transmission from the space-time-
modulated isolator in Fig. 1 versus the modulation depth, computed
using (8b) for ¢y, = 1.3187 and L =2Ag, €y = €, =7.06, w0y =
21 x 2 GHz, and for different velocity ratios. (a) y = 0.5. (b) y = 2.
(©)y =6.66.(d) y =9.

24.5 dB is achieved for y = 6.66. A forward transmission peak
is seen around y = 3.063 which corresponds to perfect spatial
coherency of forward wave, where By,L = ¢n. As Fig. 5
shows, a unidirectional periodically space-time-modulated
medium exhibits reciprocal transmission as y — o0 (Bm —
0) and y - 0 (wom — 0) [22]. This observation is intu-
itively sensible. The nonreciprocity in a space-time-modulated
medium is due to the unidirectionality of the space-time
modulation, given by cos(mz — womt) in (1), whereas the
space-time modulation becomes undirected as S, — 0 or
wom — 0.

Figure 6 plots effect of the length L of the coherent
space-time-modulated medium in Fig. 1 on forward and

30 \ ‘ ‘
~_
—_ B..L= @ (perfect coherency)
8 20 1
~ Forward
= 0
LUF
0
=]
2 g
R 107 §
2} o
=] 7}
< L —
& 20 Backward
=% 2 4 6 8 10

FIG. 5. Effect of the velocity ratio of the space-time-modulated
isolator in Fig. 1 on forward and backward transmissions and
isolation, computed using (8b), for the same parameters as in Fig. 4,
except for varying y and €, = 0.3¢,,. The peak of the forward
transmission occurs at 3.063 which corresponds to perfect spatial
coherency of forward wave, where S,L = ¢,.
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FIG. 6. Effect of the length L of the space-time-modulated
medium in Fig. 1 on the forward and backward transmissions,
computed using (8b), for the same parameters as in Fig. 5, except
for varying L and fixed velocity ratio y = 6.66.

backward transmissions, computed using (8b), considering
the same parameters as in Figs. 5, except for varying L and
fixed velocity ratio y = 6.66. As expected, the forward and
backward transmissions through the structure is a periodic
function versus L, with a period of L = 13.45A,. Interestingly,
depending on the length of the medium, it is capable of
providing reciprocal transmission, E%/Ey = EE/E}, e.g., for
L = 6.8\ nonreciprocal transmission with forward gain,
E?/EI > (0dB > E]T3/E1,e.g.,f0rL = 3); and nonreciprocal
transmission without forward gain, EX/E; = 0dB > EE/E|,
e.g., for L = 2. This represents an interesting functionality
of the coherent space-time-modulated medium, as forward
transmission gain may be desired in some applications.
Figure 7 plots effect of the modulation phase, ¢y,, on the
forward and backward transmissions through the medium in
Fig. 1, computed using (8b), with the same parameters as in
Fig. 6, except for varying ¢, and L = 2X,. As expected, the

(=)

Transmission, £ / E, (dB)

Backward

=3 T 2 3

A

FIG. 7. Effect of the modulation phase, ¢, of the space-time-
modulated isolator in Fig. 1 on forward and backward transmissions,
computed using (8b), for the same parameters as in Fig. 6, except for
varying ¢, and L = 2A,.
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FIG. 8. Experimental demonstration of the externally biased
spatiotemporally coherent isolator in Fig. 1 using microstrip tech-
nology. (a) Schematic of the system, with distributed varactors
spatiotemporally modulated by a modulation wave launched at the
same frequency as the input wave wy. (b) Photograph of the fabricated
isolator with the same coherent space-time modulation specifications
as in Sec. IV B.

curves corresponding to forward and backward transmissions
are a periodic function of ¢p,, whereas the distance between
the two forward and backward curves reads L. Forward
transmission of E%/E; = 0 dB with the isolation level of 24.5
dB is achieved for ¢, = 1.318x.

V. EXPERIMENTAL DEMONSTRATION OF SELF-BIASED
BROADBAND ISOLATOR

‘We next present the experimental implementation of the co-
herent space-time-modulated isolator in Fig. 1 with the space-
time modulation specifications as in Sec. IVB. A possible
implementation of the spatiotemporally coherent permittivity
in (1) involves a transmission line loaded with an array
of subwavelength-spaced antiparallel varactors distributed in
parallel with the intrinsic capacitance of the transmission line.
Figure 8(a) depicts the schematic of the system. An externally
applied modulation wave with frequency @, and wave vector
Bm, propagating along +z direction spatiotemporally modu-
lates the varactors such as to provide the space-time varying
capacitance C(z,t) = Cyy + Cyyr €OS(Bmz — wot + ¢p). As a
result, the corresponding effective permittivity of the medium
reads €(z,t) = €3y + €m c0S(Bmz — wot + Pm), Where the mod-
ulation depth, €, depends on the range of variation of the
varactors at a given modulation amplitude. In addition, a dc
bias line sets the varactors in the reverse bias, capacitive, region
and also provides the optimal average permittivity €,y.

Figure 8(b) shows a photograph of the fabricated isola-
tor. The modulation specifications are in accordance with
Sec. IVB, ie., fo=wy/27r =2 GHz, Bn =532n,L =
4.65in = 2Ag, €y = 0.3€,y, ¥y = 6.66, and ¢y, = 1.3187. The
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FIG. 9. Experimental matching of the signal and modulation ports
of the isolator in Fig. 8.

modulation circuit is composed of 22 unit cells of antiparallel
varactors, as shown in Fig. 8(a), with uniform spacing of p =
5 mm, which corresponds to p/Ags = pBm/(27) ~ 1/75.2
and therefore satisfies medium homogeneity in accordance
with (1). We employed SMV 1247 varactors manufactured by
Skyworks Solutions with the capacitance ratio Cp,x/Cmin =
10. The specifications of the structure are RT6010 substrate
with permittivity €. = 7.06, thickness A = 100 mil, and
tand = 0.0023.

Figure 9 plots the experimental input matching of the two
wave ports and the modulation port of the spatiotemporally
coherent isolator in Figs. 8(a) and 8(b). These results are
achieved by applying an optimal varactor dc bias of 3.8 V,
which ensures the varactors safely operate in the linear
reverse-biased regime, so that related nonlinear effects are
negligible. It may be seen from Fig. 9 that input matching of
more than 17 dB is achieved for the operation bandwidth from
dc to 5 GHz, which ensures safe operation of the space-time
modulation.

Figure 10(a) compares the analytical, simulation, and
experimental results for forward and backward transmissions.
It may be seen that forward transmission of EL/E} =
—0.56 dB and backward transmission of EZ/EP = —26.3 dB,

T F 0
s s &
—~ i
@710 * Forward-Theor. 81 ! % Forward-Theor.
=13 -~ Forwarg-SIm. ~ 15 i, ~ Forward-Sim.
= — Forward-Meas. = # ——Forward-Meas.
~ v Backward-Theor. ~
Sy - v Backward-Theor.
% = Backward-Sim. SRy Kard Si
---- Backward-Meas. O Backward-Sim.
30 -30 ----Backward-Meas.

33 2 3 4 5 6 =35 2 3 4 5 6
Freq.(GHz) Freq.(GHz)

(a) (b)

FIG. 10. Experimental results vs. simulation and theoretical
results for the nonreciproal transmission and reflection from the
coherent space-time-modulated isolator in Fig. 8, with modulation
specifications €y, /€,y = 0.3, ¢, = 1.3187, ¥y = 6.66, and L = 22,.
(a) Nonreciprocal transmission. (b) Nonreciprocal reflection.
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FIG. 11. Experimental realization of the self-biased coherent
space-time-modulated isolator using the structure in Fig. 8 and three
Wilkinson power dividers, with €,/€,, = 0.3, ¢, = 1.3187, y =
6.66, and L = 2A,. (a) Schematic of the system, with distributed
varactors spatiotemporally modulated by the modulation wave pro-
vided by the incident wave, emulating (1). (b) Photograph of the
fabricated self-biased coherent space-time-modulated isolator.

corresponding to 25.74 isolation, is achieved. Figure 10(b)
plots the corresponding nonreciprocal reflections for the
forward and backward problems. Forward problem reflection
of Ef/EF = —16.7 dB and backward problem reflection of
ER/EE = —2.35 dB, corresponding to the 25.74, is achieved.
This reveals that the isolator passes the input wave in the
forward problem, while reflects the input wave in the backward
problem.

The isolator in Figs. 8(a) and 8(b) requires an external RF
bias, with the same frequency as the input wave, to modulate
the array of varactors. Therefore, we may take advantage of the
perfect temporal coherency of the structure, employ the input
signal as the source of the modulation wave, and realize a self-
biased space-time-modulated isolator. Figure 11(a) illustrates
the schematic of the proposed self-biased isolator. In this
scheme, three Wilkinson power dividers are used to extract the
modulation wave from the input wave. Figure 11(b) shows an
image of the fabricated self-biased spatiotemporally coherent
isolator.

We next investigate the operation bandwidth of the self-
biased isolator in Fig. 11. Figure 12 plots the experimental and
simulation results for the forward and backward transmissions
through the spatiotemporally coherent isolator in Figs. 8(a)
and 8(b), with the same parameters as in Fig. 11. As we
see in Fig. 12, for the forward problem, the incident wave
is almost fully transmitted with a transmission level of more
than 6 dB from 0.8 to 3.3 GHz. For the backward problem,
the backward incident wave is highly attenuated (reflected)
with a attenuation level of more than 14 dB from 0.8 to
3.3 GHz. The experimental results correspond to more than
8 dB isolation across 122% fractional bandwidth.

PHYSICAL REVIEW B 96, 235150 (2017)

2 O D e
<) 2t .
o~ 5 Forward-simulation .
;:T Forward-measurement
T 1
5 H Backward-simulation
g 15t Backward-measurement
§ 20 : .
.é . " -
&
s —25¢
H
_30,
_350 0.5 1 1.5 2 2.5 3 3.5 4

Freq.(GHz)

FIG. 12. Experimental vs. simulation results for the self-biased
spatiotemporally coherent isolator in Fig. 11. Forward problem: The
incident wave is almost fully transmitted with a transmission level
of more than 6 dB from 0.8 to 3.3 GHz. Backward problem: The
backward incident wave is highly attenuated (reflected) with an
attenuation level of more than 14 dB from 0.8 to 3.3 GHz. The
experimental results correspond to more than 8 dB isolation across
122% fractional operation bandwidth.

Higher isolation and transmission levels may be achieved
by amplification of the extracted modulation wave, so that the
structure experiences stronger modulation depth, €y, /€,,. The
small discrepancy between the simulation and experimental
results are attributed to the metallic and dielectric losses in
the experiment and imperfect emulation of the space-time
permittivity in (1).

VI. CONCLUSION

A self-biased broadband magnet-free linear isolator is
proposed. The isolator operates based on the unidirectional
space-time coherency, where the forward and backward
incident waves both share the same temporal frequency with
the space-time-modulated medium, and therefore, both are
temporally-coherent with the medium. However, the space-
time-modulated medium is spatially coherent only with the
forward propagating wave, yielding transition of the energy
from the medium to the forward transmitted wave. By contrast,
the medium is spatially incoherent with the backward incident
wave and thus conflicts with the backward incident wave,
yielding strong attenuation of the backward traveling wave.
A closed-form solution for the wave scattering form such
a space-time coherent medium is derived. Taking advantage
of imperfect space-coherency in the forward direction, the
medium may introduce a quasiarbitrary nonreciprocal trans-
mission. The experimental results of the proposed self-biased
broadband isolator shows more than 122% fractional operation
bandwidth. In addition, the structure is capable of providing
nonreciprocal transmission gain as well as nonreciprocal
reflection gain and may hence find complementary applica-
tions as in radar, nonreciprocal metasurfaces, and illusion
cloaks.
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