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Abstract The information-carrying programmable metasurfaces have found widespread applications in
communication, sensing, and other related areas. However, there is a fundamental but unresolved problem,
i.e., the rigorous understanding of the quantization of metasurface coding. Here, we theoretically investigate
the performance difference between one-bit and continuous information-encoding metasurfaces. To this end,
we derive analytical representations of system responses in various cases (single-input single-output, single-
input multiple-output, and multiple-input multiple-output). We analyze the impact of one-bit coding (in
contrast to continuous coding) in terms of the resulting channel cross-talk and reduction of information
capacity in various representative scenarios from wireless communication and holography. Our main finding
indicates that the one-bit coding yields a satisfactory performance in most practical scenarios; we also
show that in many cases there are smart ways to mildly relax optimization constraints in order to reduce
the performance gap between the one-bit and continuous coding. We expect that our results can provide
theoretical guidance for a large variety of metasurface-assisted information systems for electromagnetic waves
and other wave phenomena.
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1 Introduction

The ability to manipulate information-carrying electromagnetic (EM) fields pivotally underpins wireless
communication, imaging and sensing, wireless power transfer, and other related areas. It has received
long-standing interests in fundamental sciences, engineering, and military contexts. Modern information
systems typically rely on massive antenna arrays in combining with beamforming techniques to simulta-
neously improve the range of wireless links and reduce unwanted interference [1-4]. However, the bulky,
costly, and power-hungry hardware increasingly struggles to meet the requirements of ever-increasing
amounts of connection nodes, especially with the advent of “green” Internet of Things (IoT). An emerg-
ing alternative paradigm for EM wave manipulation is using programmable coding metasurfaces [5, 6],
which are composed of ultrathin and inexpensive arrays of in-situ reprogrammable meta-atoms. The
programmable coding metasurface has become an emerging member of a large family of metasurfaces
holding large technological promise owing to their ability to manipulate the EM waves in a flexible man-
ner. Initially, the programmable metasurfaces were designed to serve on the transmit side in combination
with a carefully deployed source antenna [5,7-12], as an alternative to the low-cost phased array antennas
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for beam forming in free space. Generally, they can be understood as a multi-port device linking various
input channels (sources) to various output channels (receivers) in an adaptive manner in terms of geomet-
rical (number and location) and physical (signal response) port properties. Moreover, the programmable
metasurfaces can be integrated into the propagation environment itself [13], as an alternative relaying
mechanism in (quasi) free space [14-17] to optimize the available channels in scattering environments [18]
or to conceive unconventional backscatter communication protocols [19,20].

To date, many practical realizations of the programmable metasurfaces rely on one-bit (or few bit)
coding in order to further reduce the system cost, complexity, and energy consumption. A one-bit
meta-atom is controlled with an externally applied one-bit voltage, and correspondingly has two distinct
response states denoted by ‘0" and ‘1’. For instance, upon illumination with a plane wave, the state ‘0’
(‘1’) may correspond to a reflection phase of 0° (180°). Given the success of one-bit coding in diverse
applications including wireless communications, imaging and sensing [21-29], wireless power transfer [30,
31], programmable holography [32], and analog computing [33], a fundamental question [34, 35] arises:
what is the achievable information capacity of a programmable metasurface built with one-bit coding
meta-atoms (reflection coefficient R = +1) compared with the ideal case of continuously tunable meta-
atoms (R = A exp(jo) with the amplitude |A| < 1 and 0 < ¢ < 2m)? Interestingly, related questions about
the impact of quantization on focusing (but not on programmable information encoding) have already
arisen in related but distinct areas of wave engineering such as diffractive optical and acoustic elements
(e.g., Fresnel lenses) [36-38], time reversal [39], and optical wavefront shaping in the complex media [40].
Very recently, the impact of the programmable metasurface quantization has received attention from a
signal-processing perspective for the simplest case of single-input single-output (SISO) scenarios, in which
the metasurface serves as an alternative relaying mechanism without encoding any information [41-44].

To comprehensively explore the quantization effects for information-encoding programmable metasur-
faces operating in (quasi) free space, here we first derive the mathematical representations of the one-bit
coding system response for three representative scenarios: SISO, single-input multiple-output (SIMO),
and multiple-input multiple-output (MIMO). These scenarios link one or multiple input channels to one
or multiple output channels. Our analysis reveals that the one-bit quantization gives rise to undesir-
able effects like energy leakage, parasitic unwanted beams, and channel cross-talk. We also find that in
many practical applications the performance deterioration is negligible and can be limited under mild
constraint relaxations. Then, we derive analytical expressions for the signal interferences and the re-
duction in channel capacity. Moreover, we illustrate our theoretical findings with concrete examples of
programmable holography and wireless communications. We expect that our results can provide valu-
able guidance for the designs of the current and future metasurface-assisted EM information systems in
wireless communications and sensing, as well as for various applications at other frequencies [45-52].

2 Representation of system response in one-bit coding metasurface

To start, we derive the system response of one-bit programmable coding metasurface acting as a repro-
grammable wireless multi-port device that links various incident beams (from sources) to various outgoing
beams (to receivers). To avoid complications due to the EM coupling effects, we group several adjacent
meta-atoms together to form a “macro meta-atom”. We then assume that the metasurface shown in
Figure 1 is composed of M x N macro meta-atoms that can be modeled as having mutually independent
EM responses. For convenience, we refer to the “macro meta-atom” as meta-atom hereafter.

2.1 Case I: SISO

For SISO, the one-bit coding metasurface is used to establish a wireless channel linking a source at
rs with an intended receiver at 74, as shown in Figure 1(a). This wireless link is easily established
by suitably programming the metasurface. We assume that the signal power level of the source is
P; and the signal is desired to acquire a phase ¢q (0 < ¢4 < 2m) when it reaches r, in a phase shift
keying (PSK) scheme. We emphasize that, throughout this work, the information is not encoded by
the source at rg but through the modulation of EM wave by the metasurface. However, the scenario
of information being encoded by the source is a special case of our model, where only the intensity of
the radiation beam is concerned. A closed-form estimate of a suitable one-bit coding pattern of the

metasurface for this purpose is Cf%sno = sign[cos(#5150)], where ¢S15C = @, (14;75) and Gp.p (74;75) =
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Figure 1 (Color online) Illustration of how a programmable coding-metasurface (CMS) acts as a wireless multiple-port device.
(a) SISO: CMS serves as a wireless ultrathin device with one input port and one output port, linking one source to one intended
receiver. (b) SIMO: CMS serves as a single-input multiple-output wireless device, connecting one source with @ (Q > 1) intended

receivers (Receiver #1, Receiver #2, ..., Receiver #Q). (c) MIMO: CMS serves as a wireless ultrathin device with S input ports
and Zle Q; output ports. Each source (e.g., Source #s,s = 1,2,...,5) is linked to Q; intended receivers (i.e., Receiver #s s1,
Receiver #s, ..., Receiver #sg,) by CMS.

Appn (Pg;1s)+ 0 (1g) s A (P35 75) = k(|rs — Py n| + |7 — Tmn|). Herein, k denotes the wavenumber in

Rpm(7s) Rypm(7q)
free-space, and 7y, , denotes the location of metasurface element. Considering that the real location of
the source 7 is usually inaccurate or even unknown [19], we assume that the estimated location of the
source is rs. Then, the response at r can be derived as (see details in Appendix A)

00
HSISO (Talrl;qa S) = ElsISO (TaTl;qa5)+ Z BSISOAEISO (Iralrl;qas) exp (Jp¢q)a (1)
—_————

leading term p=—o0,p#l

perturbation terms
where j is the imaginary unit,
SISO /. __ SISO 4SISO /. .
El (Iralr 7q75) _Bl Al (T’T7qa s)exp (J¢q)7

exp [J (pAnm ("'q; "'S) — Apm (T'E r/))]
Z Ry (7) Ry (77) ’

SISO /. —

Ap (’I”, ridq, 8) -
m,n

_jp+1 2 . .

BSISO _ 5 if pis odd,

p

0, else.

Note that |BFSO| = |B3F°| and Ry (r) = |7 — rm.n|, where 7, , denotes the location of the (m,n)
meta-atom. Eq. (1) offers several important insights. First, we note that the leading term E$1SO
represents the system response of continuous metasurface but corrected by a multiplicative factor of
BP0 = % ~ 0.64 (corresponding to about 3 dB energy loss). Meanwhile, the perturbation terms
characterize the unwanted parasitic beams that divert the energy from the source into directions other
than that of the intended receiver due to the one-bit quantization of the meta-atom programmability.
To illustrate the roles of different terms, we plot spatial maps of |Hsiso| for representative cases. Firstly,
we consider two cases for which the source and intended receiver are in the near field of the metasurface.
For a receiver on or off the 0° azimuth, Figures 2(a) and (b) respectively show plots of |Hgiso| both
with continuous and one-bit coding metasurfaces. Additionally, the first a few nonzero terms |E§ISO| are

visualized. In both cases, we observe that the leading term p = 1 dominates the system response |"7QSISO|
and there is no significant difference between the continuous coding and one-bit coding. While the focus
is about 3 dB weaker with the one-bit coding, and the quantization energy loss is statistically uniformly
distributed over the entire space. Overall, in these two cases the performance of one-bit coding is of
comparable quality to that with the continuous coding.

Next, we consider two similar scenarios in Figures 2(c) and (d) for which both source and intended
receiver are in the far field region. Here, the perturbation terms (p # 1) have non-negligible contributions
to the system responses |7/‘ZSIS()| but can be truncated at the number of calculated terms P = 3 (root
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Figure 2 (Color online) Spatial maps of |Hsiso| for continuous and one-bit coding metasurfaces, as well as the maps of |EZS)’ISO\ for
p = £1,4+3,£5, £7 in the one-bit coding case, in which the maps titled with continuous are normalized their own maximums, and the
other maps are normalized by | E$15€|. Different source and receiver locations are considered: (a) 75 = (0,0,1.2) m,r, = (0,0, 3) m;
(b) s =(0,0,1.2) m,r, = (0,0.6,3) m; (c) »s = (0,0,1) km,r, = (0,0,2) km; (d) »s = (0,0,1.2) km,r, = (0,0.1,2) km.

mean square error (RMSE) < 0.5%). Unless the receiver is at the 0° azimuth, multiple unwanted parasitic
beams interfere with the desired beam. In particular, the p = —1 term appears to be mirror-symmetrical
with respect to the normal direction 7 of the one-bit coding metasurface. More details can be found in
Appendix B.

To shed more light on these far-field limitations, we simplify the EEISO terms under a farfield approx-
imation:

exp [jk (prq — 7+ (p — D)rs)]

Eﬁlso (r,rs;q,8) =~ BZS)ISOMN exp (jpgq) , for # —pry + (1 — p)7s||n, (2)
where let the symbol a|b denote that the vector a is parallel to the vector b.
Then the desired beam (p = 1) in the far-field approximation is

exp[jk (rg —7)]

B0 (1,1, ~ 51500y 2RI
S

exp (joog), for 7 =7q, (3)
and there are multiple significant unwanted parasitic beams corresponding to the values of p # 1. In
particular, the expression for the p = —1 term in the far-field region is written as

exp [—jk (rqg +r — 2ry)]

SISO . . RSISO
E>P% (r,rs;q,8) = B>YYMN -
S

exp (—j@q), for 7y + 7 + 274||n, (4)

where |BP1SO| = |BSISO| confirms the previous observation in Figure 2(d) of mirror-symmetry to the
desired beam in terms of amplitude; and now it is 180° out of phase with the desired beam.

For the special case with 7, = #; = n from Figure 2(c), the focusing ability of the one-bit coding
programmable metasurface is acceptable because all undesired beams (especially p = —1) point to the
0° azimuth direction. This assumption holds in this realistic scenario that the metasurface is normally
illuminated by a plane wave, and the receiver is mounted at the 0° azimuth. However, focusing is only the
prerequisite and not sufficient condition for our goal to use the programmable metasurface as information
encoding. For concreteness, we consider phase shift keying (PSK).

When 7, = #; = n, we have

1 .
EyS0 (r,1siq,5) = By PO MN— exp (péy) (5)
Thus the SISO system response reads
_ 2MN &
Hsiso (Tq:Ts1 ¢, 8) = Z By cos (pey) - (6)

T
s =1



Shuang Y, et al. Sci China Inf Sci  July 2022 Vol. 65 172301:5

We observe that QSISO (rq,7s;¢,s) is a real number in this case, preventing the metasurface from
achieving high-level PSK beyond binary phase shift keying (BPSK).

2.2 Case II: SIMO and MIMO

We first consider the SIMO setting, in which a single source at 7y is linked to @ (@ > 1) receivers
via directive radiation beams, upon interacting with the metasurface. The qth beam is aimed at the
intended receiver at r, with desired phase ¢, (0 < ¢, < 2m) for the PSK information encoding. For this
purpose, the closed-loop estimate of the required one-bit control coding pattern of the metasurface is
Cao = sign[Zqul cos(¢SIMO ()], where ¢SIMO(q) = ¢y, (745 7). Following similar steps as before, we
obtain the system response of the one-bit coding metasurface at r as

ﬁSIMO (?“77“'; {Q}v 5) = E1SIMO (7“77“'; {Q}a s)

leading term

Q

. 7

T Z E{SII)%O (r, 7" {q}, s) exp [J qu¢q‘| ) (M
{pa}/{X,IPal=1&pa#—1} g=1

perturbation terms

where {¢} denotes a collection of () receivers at different locations, and {p,} is a collection of ¢ harmonic
orders which comes from the aforementioned ) receivers one by one. In (7),

Q
ESMO (p p': L) 5) = BPIMO ZQXP (i¢q) ATSO (r 1" q,5)
qg=1
BN (.15 ), ) = BRSO AT (7 ). o),
where B?II%O _ J Zq m;f ot H Ip, (£)dE, BSIMO _ lffooo ljl(f)J(?*l(f)df and A?;M}O(r r';

ex @ Tq:T r
{aks) = >0 pmzq:lplfij;”(:)(Ri;:(l )Am "( D Note that B?H\%O = 0 when Z 1 Ipql 1s an even

number. More details about (7) are presented in Appendix C. As before, the Q-fold multlple summation
of the second term in (7) can be approximated with an accuracy of RMSE < 0.5% under the condition
of 32, [pgl < 3.

Similar to the case of SISO, the leading term EP™O in (7) describes the system response of the corre-
sponding continuous metasurface but with a multiplicative factor of BY™O. The collection {p,} /{3 4 1Pdl
=1 & pq # —1} describes the energy leakages due to the one-bit quantization in comparison to the con-
tinuous coding metasurface. Moreover, signal interferences and cross talks between different intended
receivers arise due to the one-bit coding, which will be studied in the subsequent section. For com-
pleteness, a generalization of the presented SIMO results to the MIMO situation has been included in
Appendix D.

Before closing this section, we provide more insights into the relation of the system response between the
one-bit and continuous coding metasurface. To that end, we accurately construct the system response of
the continuous metasurface by linearly weighting K system responses of the one-bit coding metasurface.
Note that these K system responses correspond to K different coding patterns of the one-bit coding
metasurface. The K coding patterns of the one-bit metasurface can be designed such that the one-bit
coding metasurface will produce the same radiation patterns but with K distinct radiation phases (i.e.,
K-level PSK) at the locations of the intended receivers. We illustrate it in the following for the SISO
case. Assuming that the desirable system response of a continuous coding metasurface has the phase
¢ (0 < ¢ < 2m) at an intended receiver at r, then the desirable system response of the continuous
coding metasurface can be constructed. With reference to (1), the one-bit coding metasurface with the
kth coding pattern will produce the system response HSISO (r; q, s) with the intended phase qb((]k) at the
receiver at r, (k= 1,2,..., K). Then, substituting (1) into the first term A$SC (r,7r/; ¢, s) in (A3) leads
to the following 2P linear equations:

. k .
S, wg exp (Jd)é )) = Zexp(jo) + ¢,

(8)
S, Wi exp (jpsbf;k)) =¢ p=-1,42,...,+P,
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where € denotes the approximation error. To determine the K weighting factors {wy }, a classical minimum
mean-least-square method can be applied to (8). We find that when the receiver and/or sources are not in
the “blind district” of the one-bit coding metasurface (i.e., the perturbation terms are negligible compared
with the leading term), we can use the one-bit coding metasurface with 2 different control coding patterns
to approximate the system response of the ideal metasurface. A thorough study of the minimum required
value of K in the SIMO case is provided in Discussion 5 of Appendix C. Interestingly, we observe a clear
link between the required minimum value of K to approximate the ideal metasurface response reasonably
well and the ratio Q/Yone-bit, Where Yone-bit is the multiplicative factor (B?ISO, BfIMO or B%VHMO) between
the desired p = 1 one-bit coding system response term and the continuous coding system response (see
details in Appendix C).

3 Signal interferences due to one-bit coding

The one-bit quantization of the coding metasurface gives rise to the quantization-related signal interfer-
ences between different channels in SIMO and MIMO settings. In the context of wireless communication,
this yields so-called channel cross talk; while in the context of sensing, this results in image blurring.
We now study this effect for concreteness in SIMO, but the developed results can easily be extended to
MIMO. Throughout this section, we assume that the source and receivers are not in the “blind district”,
i.e., the perturbation terms are negligible compared with the leading term. We consider an information
stream with M;-level PSK modulation, where the source emits waves, the PSK information modulation is
accomplished upon interaction with the metasurface, and the waves are directed to the desired receivers.
We stress that it is not the source but the metasurface that performs the PSK modulation. The list of
possible desired phases at the ith receiver (located at 7;) is

2n 27 21

aM72M77(M11)M}, Z:1,2,...,Q’

¢; € 0; + {0

where the symbol #; denotes the phase bias for the ith receiver.
We here consider a realistic scenario, where any two receivers are well separated in terms of the Rayleigh
limit, |A$™SC (r;,7s;q,5)| ~ 0 for i # q. Then, as detailed in Appendix E, we can obtain the coherence

of Hsmio (74, 7s; {a}, s) and Hsmvo (77, 7s; {q}, 5):

<7/'ZSIMO (ri,7; {q},5) , Hsmio (rj,rsi {a}, 5)>

* SIMO,x* .
= BSMO 4 Z Zintyny0, 3 E{0yn ) (rj;{q},s)

Np:1—-Q/n;

n BSIMO,*A(»; Z Z{Mpnp(?p}E?II\%gp} (ri;{q},s), fori#j, (9a)

Np:1Q /M

~ 2
<”HSIMO (Ti;Ts§{Q}a3)’ > ~ ‘B§1M0A0|27 (9b)

where Zy, 9.1 = exp(j Zq pqf,), and we have assumed that Ay ~ A$SC (r;,r,; i, s) holds for any r; € {¢}
when the receivers are in a relative small range. Moreover, the superscript symbol % denotes the complex
conjugate operation. We can observe that the coherence function depends on the choice of the phase
bias {6;}, implying that the quantization-related signal interference can be improved by optimizing the
setting of the phase bias {f;}. This observation is consistent with the results presented at the end of this
section in the context of holography.

To rigorously evaluate additional signal interference originating from the one-bit quantization of the
metasurface, we now examine the statistical behavior of a given digital information symbol trans-
ferred through a given wireless SIMO channel while simultaneously the remaining SIMO links are de-

ployed for other (statistically independent) digital information streams. For the digital information

symbol acquired at 7,, the statistical mean pS™O = (’;QSIMO (ru,7s;{q},s)) and variance o5™MO =
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<|7Q31Mo (ru,7s;{q},s) — <7QSIMO (ru,7s;{q}, 5))|?) are readily derived as

,U'EIMO BOSIMO A§ISO (’I‘u, Ts;U, 5) €xXp (J¢u)
for continuous coding metasurface
SIMO . : (10a)
+ Z E{pq} (Tua Ts; {q}7 5) eXp [qu¢u] Z{pqeq}/pueu H 5pq—onq7
{Pa}/{Zqlpq|=1&pe#—1} q=1,q#u

one-bit quantization mean bias

Q
2 2
oM = [BEMOIT YT of [AVSC (ru msa,9)) X (u, {Mq}) : (10b)

=1 u . . . )
a=La7 one-bit quantization variance

for continuous coding metasurface

where Z(, 0.1 /p.6. = exp(] Zq’q#u Dqbyq), 03 is the covariance of the intended information stream of
the gth receiver. In addition, the factor x (u,{M,}) characterizes the signal interferences arising from
the one-bit quantization of the coding metasurface, see Appendix F. Furthermore, for the whole SIMO
system, the variance can be approximated by taking average of {O'EIMO} over all intended receivers. As
a result, we have

1 Q
2 _ SIMO
JsIMO — A E Oy

sivo 2 1 ; SISO - (11)
‘BO ‘ Z Z A (TuaTs§q7 Z {M }
u=1q=1,q#u u=1
O Zont x
If an continuous coding metasurface is used instead, variance and mean are characterized by o2, . and

AFISO (., u, s) exp (jou ). Therefore, the effect of the one-bit quantization of the metasurface is obvious

from (10): the one-bit quantization induced mean bias as well as the additional noise due to the one-bit
quantization variance both reduce the distinguishability of distinct information symbols.

4 Difference in information capacity of one-bit vs. ideal metasurface

In this section, based on the above-established results, we investigate the relation between the informa-
tion capacities of a metasurface with one-bit coding and a metasurface with continuous coding. Based on
Shannon’s theory, the information capacity Ccont of an continuous coding metasurface can be readily ob-
tained [53,54]. For instance, for the SIMO case, it reads Ceont = @ logy(1+S/(02 +02,,)) per frequency,
where S and o2 denote the signal and system noise levels, respectively, and S = ’P|A§ISO (rq:Ts:¢,5) |2 ~
P|MN/rsrqy|* (far-field approximation). The one-bit quantization of the metasurface has two conse-
quences: (i) an energy loss by a factor of 2, .., and (ii) additional noise 02 _ .. Both effects deteriorate
the SNR (signal-to-noise ratio) and thereby reduce the information capacity in the case of the one-bit
coding metasurface:

Cone-bit ~ Q10gy (14 VnenitS/ (07 + Tonebit)) - (12)
where
BSISO for SISO, 0, for SISO,
Yone-bit = § BY™MO, for SIMO, and o2 .. =9 0%mo. for SIMO,
BYMO " for MIMO, oo, for MIMO.

The approximate-equal symbol in (12) is used because the one-bit quantization mean bias in (11)
decreases the distinguishable distance between two different information symbols, which will decrease the
achievable information capacity. Now, taking the SIMO as an illustrative example, we can derive the
relation between Ceont and Cone-bit as

AC Cone—bit - Ccont ( 2 U + U t 2 U + U t
— = = 10g | Yonebit 55— | 108 | Vone-ni o 13
Q Q 2 one-bit 2 + o_one it 2 one-bit 0'% + ’Yone_bita-cont ¥ X ) ( )
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where we assumed SNR > 1 and o2 =2 it Oont + X in (13), respectively. Note that the definition

one-bit
in (13) implies AC < 0. Considering that % behaviors as a monotone decreasing function of o2 for

2

S he-bits We can estimate its lower and upper bounds:

2
Ocont >0

AC 721 b o2
10g2 (’ygne—bit) < 5 < 10g2 (72 O:_ l;_tQ C::t» % . (14)
one-bit ™~ con

2

The upper bound of % is reached when the system noise level o2 is relatively low (02 < 02,

. and

02 K V2 T T X)- Furthermore, if x < 72, 1,it02nt, the upper bound approaches to zero, i.e.,

% — 0, which implies that the one-bit coding metasurface has nearly the same information capacity

as the continuous metasurface under these conditions. We will see that the inequality x << V2 1020t
holds when the number of channels @ is small and lowlevel PSK is used. In this case, the adverse effect

of lower signal intensity due to one-bit coding is counterbalanced by a lower signal interference.

5 Results and discussion

5.1 Information-encoding capabilities of one-bit coding metasurface

We consider the SISO case, and systematically study the information-encoding capabilities of the one-
bit coding metasurface in wireless communications with Mg-level PSK, which can ideally achieve the
phase quantization of 7:23150 as ¢ € {%:l),z =1,2,...,M,}. To quantify to what extent the one-bit
coding metasurface is capable of approaching these desired values, we define the following metric for the
achievable phase resolution:

Apsiso (rq) = HZHJH “P(SzI)SO (rq) — ¥5%0 (Tq)‘ ; (15)

where Sp(sil)so is the phase of 7’-\13150 for the ith intended phase. To quantify the difference between the
performance with one-bit and ideal coding, we define the following metric:

. B -
ECSISO _ TN Z ‘sign [cos ( iﬁo)} — cos (éf)il,io)‘ . (16)

Figures 3(a) and (e) plot the dependence of Aggigo (74) and ECSSO | respectively, on ry for quad-
phase shift keyed (QPSK) (M, =4) with a normally incident source deployed at a distance of 2 km
from metasurface, i.e., in its far-field. The ability of the one-bit coding metasurface to perform QPSK
information encoding with high fidelity is immediately obvious, except for the case when the receiver is on
the azimuth 0° and in the far-field region. This result is in line with our above-mentioned interpretation
of (6). In a scenario with a source incident at an oblique angle, as shown in Figures 3(d) and (f), there
appears to be a similar limitation if 7, + #s||n. Indeed, in this case the far-field approximation of qziﬁo
reads ~

ilnszo =k(Irs = Tmanl + |1 = Tmnl) + 0 R k(rs +1q — T - (Ps + 7)) + &g

) i (17)
R k(rs+rg) +¢q, for 7y + 740,

such that the control coding pattern of the one-bit coding programmable metasurface is C,Sn{SnO =
sign [cos (k (15 +7¢) + ¢q¢)]. Again, it is obvious why a receiver in the far field with #, + #,||n can-
not distinguish Mg-level PSK information if M, > 2. In such cases, PSK must be limited to M, = 2
(BPSK). The pronounced increase of ECSC for this scenario in Figures 3(e) and (h) further confirms
that this limitation is attributed to the one-bit coding of the programmable metasurface.

Higher-order PSKs with M, = 8 and M, = 16 are considered in Figures 3(b) and (c) and Figures 3(f)
and (g) in terms of Apgrso (74) and ECS8O | respectively. In light of the well-known reciprocal prop-
erty [55], we conclude that the one-bit coding metasurface is capable of efficiently manipulating the EM
information at least up to 16-level PSK in the considered setup, if the source and receiver are deployed
in the near-field region (see Appendix G). In general, efficient manipulation of EM information becomes
increasingly challenging as M, increases due to the increasing importance of unwanted parasitic beams.
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Figure 3 (Color online) M-level PSK with a one-bit coding programmable metasurface in SISO. (a)—(d) Dependence of phase
resolution Agsrso on the receiver’s location r,. Considering receiver locations are within a distance between 0 and 20 m from the
metasurface for an azimuth between —45° and 45°. The insets provide representative constellation diagrams. Different levels of

PSK and source location are considered, as indicated in the subfigure titles. (e)—(h) Dependence of ECSISO on rq for the same
settings as in (a)—(d). In addition, the metasurface has been marked with a yellow solid rectangular.

Throughout our paper, we have assumed an ‘ideal’ one-bit quantization of the programmable meta-
surface. Specifically, we assumed that upon switching the meta-atom from its ‘0’ (or ‘1’) state to its ‘1’
(or ‘0’) state, the reflection phase experiences a change of 180° while the reflection amplitude remains
unchanged. However, such ideal one-bit quantization cannot be realized in practice for many reasons,
including non-ideal active lumped elements (e.g., the PIN diode) and fabrication errors. The reflection re-
sponse of the non-ideal one-bit meta-atom is A+ej¢+ and A_el?-for states ‘17 and ‘0’ (with 0 < Ay < 1),
respectively, instead of 1 and —1. The methodology developed in our paper can be readily generalized
to non-ideal one-bit meta-atoms. Specifically, the radiation signal for the non-ideal one-bit quantization
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Figure 4 (Color online) SIMO results for holographic imaging. The source is deployed at (0,0,2) m and the observation plane
is at a distance of 3 m from the one-bit coding metasurface. (a) Amplitude (left) and phase (right) of the targeted hologram to
be generated by the one-bit coding metasurface. (b) Convergence of the GS algorithm with and without the phase constraint in
terms of the maximum uniformity as figure of merit (see Eq. (1) in [56]). In both cases, the GS algorithm is initialized with
CTSJ,I\TEO = sign[ZqQ:1 cos(FSMO (g))]. (c) Results using CTSRI}\:ILO and Eq. (2) are shown in the top row, where the coding pattern of
the one-bit metasurface, the amplitude and phase of the holographic image are shown on the left, middle and right, respectively.
The corresponding results using the GS algorithm with and without the phase constraint are shown in the middle and bottom rows,
respectively.

non-ideal . :
SISO,SIMO,MIMO(Tv o) s

HE80.stvmo.mmio(Ts ) = AT (r g+ -+ ) + v Hsiso,siommvo (75 ), (18)
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Figure 5 (Color online) Relaxing phase constraints in the SIMO holography. The setup is the same as that in Figure 4 except
that the phase of targeted holographic image is set to be constant rather than random. (a) Image quality (evaluated in terms of the
maximum uniformity) as a function of the targeted phase. (b) Results with CTSRI}\:ILO and Eq. (7) in terms of normalized amplitude
and phase of the obtained holographic image. (c¢) The corresponding results by the GS algorithm with the phase constraint.

where vo = W—A‘em_) and v = (A+e”’+—+é¢—)' It can be observed from (18) that, in terms of
manipulating the radiation beam, the non-ideality of a one-bit quantized metasurface results in addi-
tional energy leakage. More discussion about the non-ideal one-bit quantization of programmable coding
metasurfaces can be found in Appendix I.

5.2 Signal interference of one-bit coding metasurface

To illustrate the results and conclusion on signal interference, we consider a concrete and promising SIMO
application: metasurface-generated holograms [32]. Specifically, we examine the capability of the one-bit
coding metasurface to realize the holographic image of English letter ‘K’.

We assume that the desired phases over the profile of the letter ‘K’ are randomly distributed, as shown
in Figure 4(a). The normalized amplitude and phase of the achieved holographic image at a distance
of 3 m away from the one-bit coding metasurface are shown in the top row of Figure 4(c), and the
corresponding control coding pattern of the one-bit coding metasurface is reported. For comparison,
the corresponding results obtained by the GS algorithm with and without the phase constraint are
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Figure 6 (Color online) (a) The normalized difference information capacity in SIMO setting, in comparing the one-bit coding
metasurface with the continuous metasurface in the SIMO scenario as a function of @ for different system SNRs when the receiver
and source are in the near-field region of the metasurface. For comparison, the lower bound of % represented by log, (’ane.bit)
is also plotted. The binary PSK (M = 2) is considered. (b) The comparison of ogne_bi font as a function of the number of
channels Q. (c) and (d) Constellation diagrams for Q = 3 and Q = 6 for different system SNRs. The constellation diagram axes are
normalized by B§IMOA Additionally, the red-marked and black-marked stars of the constellation diagrams characterize the signal
interferences for the system-noise-free case, respectively. In this set of examinations, the source is located at (0,0,1.2) m, and the
receivers are deployed at the distance of 3 m away from the metasurface.

. and o,

shown in the middle and bottom rows of Figure 4(c). In both cases we initialize the GS algorithm with
C,S,J%[O. The convergence behavior of the GS algorithm with and without the phase constraint is plotted
in Figure 4(b) [56]. Our results show that the proposed closed-form formula for obtaining the coding
pattern of the one-bit coding metasurface, CE}}\T/L[O, gives satisfactory results with comparable quality to
that achieved by the iterative GS algorithm. In both cases, the quantization-induced signal interference
among different channels notably limits the quality of the holographic image. If the constraints are relaxed
by ignoring the desired phases, the one-bit coding metasurface yields a holographic image of acceptable
quality. A further possibility is to simplify the phase constraint by targeting a constant value for the
entire letter ‘K’. The corresponding results in Figure 5 for different targeted phase values reveal a setting,
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in which the one-bit coding metasurface produces acceptable holographic images in terms of both phase
and amplitude. Then, it can be verified that the phase {¢,} could provide controllable parameters to
minimize the signal interference, as pointed out previously with respect to the phase bias {6;}.

5.3 Information capability of one-bit and continuous coding metasurfaces

We go on to evaluate the normalized difference in information capacities % of the one-bit and continuous
coding metasurfaces in the SIMO scenario. Figure 6(a) plots % as a function of the number of channels

Q for different system SNRs, and Figure 6(b) compares 02 .. and o2 as a function of the number of
channels @, in which the source and receivers are deployed in the near-field region of the metasurface. It
can be verified from this set of figures that % approaches to the upper bound identified in (16), and that
the upper bound will tend to zero, as the system SNR is increased; in contrast, for low system SNRs,
the lower bound log, (v2,..1;;) is approached. Some representative constellation diagrams for @ = 3 and
@ = 6 for different system SNRs are shown in Figures 6(c) and (d), in which the red and black stars
characterize the signal interferences for the system-noise-free case, respectively. Additionally, the bit-
error analysis on the system of one-bit coding metasurface can be made along the same line, as detailed
in Appendix H. It is obvious, in line with our previous calculations, that the one-bit quantization of
the metasurface will give rise to additional signal interferences, and that such interferences will become
stronger if the number of channels () is larger. Nonetheless, it can be observed that the one-bit coding
programmable metasurface performs almost as well as the continuous coding metasurface as long as @ is
not too large.

6 Conclusion

We have explored fundamental limitations of the one-bit coding metasurfaces in comparison to the con-
tinuous coding metasurfaces in terms of their information capacity and considered illustrative examples
from key applications in wireless communications and holography. Our results illustrate surprisingly
nearly no performance deterioration due to the one-bit coding under mildly favorable constraints, such
as low-level PSK, few-user SIMO or relaxed phase constraints on hologram. We expect that these funda-
mental insights will impact a wide range of metasurface-assisted techniques seeking to control the flow of
information, both for electromagnetic waves and other frequencies and wave phenomena [45-52]. Look-
ing forward, an avenue for the future research is to generalize the presented concepts to scattering rich
environments [18,20,24] in which the scattering and reverberation will make the identification of suitable
metasurface configurations more challenging; however, these seemingly adverse scattering effects can be
leveraged as secondary sources that may further reduce the performance gap between the one-bit and
continuous coding of the programmable metaatoms.
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