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Abstract The information-carrying programmable metasurfaces has found widespread applications in com-
22 munication, sensing, and other related areas. However, there is a fundamental but unresolved problem, i.e.,
23 the rigorous understanding of the quantization of metasurface coding. Here, we theoretically investigate the
24 performance difference between one-bit and continuous information-encoding metasurfaces. To this end, we
25 derive analytical representations of system responses in various cases (single-input single-output, single-input
26 multiple-output, and multiple-input multiple-output). We analyze the impact of one-bit coding (in contrast
57 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
28 that the one-bit coding yields a satisfactory performance in most practical scenarios; we also show that in
29 many cases there are smart ways to mildly relax optimization constraints in order to reduce the performance
30 gap between the one-bit and continuous coding. We expect that our results can provide theoretical guidance
31 for a large variety of metasurface-assisted information systems for electromagnetic waves and other wave
henomena.
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40 1 Introduction
41 - . . . . . . . .
4 The ability to manipulate information-carrying electromagnetic (EM) fields pivotally underpins wireless
communication, imaging and sensing, wireless power transfer, and other related areas. as receive
23 tion, imaging and ¢, wireless power transfer, and other related It h d
44 long-standing interests in fundamental sciences, engineering and military contexts. Modern information
systems ically rely on massive antenna arrays in combining wi eamforming techniques to simulta-
45 yst typically rely t y bining with b f g techniques t It
46 neously improve the range of wireless link and reduce unwanted interference [1-4]. However, the bulky,
47 costly and power-hungry hardware increasingly struggles to meet the requirements of ever-increasing
48 amounts of connection nodes, especially with the advent of “green” Internet of Thing (IoT). An emerg-
49 ing alternative paradigm for EM wave manipulation is using programmable coding metasurfaces [5, 6],
50 which are composed of ultrathin and inexpensive arrays of in-situ reprogrammable meta-atoms. The
51 programmable coding metasurface has become an emerging member of a large family of metasurfaces
52 holding large technological promise owing to their ability to manipulate the EM waves in a flexible man-
53 ner. Initially, the programmable metasurfaces were designed to serve on the transmit side in combination
wi a careiu eployed source antenna - as an alternative to € 10W-COS ased array antennas
" th fully deployed t 5,7-12], lternative to the 1 t phased array ant
55 for beam forming in free space. Generally, they can be understood as a multi-port device linking various
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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 fewbit) cod-
ing in order to further reduce the system cost, complexity and energy consumption. A onebit 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 7)
may correspond to a reflection phase of 0° (180°). Given the success of one-bit coding in diverse appli-
cations 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 to the ideal case of continuously tunable meta-atoms
(R = Aexp(jy) with the amplitude |A] < 1 and 0 < ¢ < 27) ? Interestingly, related questions about
the impact of quantization on focusing (but not on programmable information encoding) has 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 affects for information-encoding programmable meta-
surfaces operating in (quasi) free space, here we firstly 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 chan-
nels to one or multiple output channels. Our analysis reveals that the one-bit quantization gives rise to
undesirable 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
reduction 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 r,, as shown in Fig. la. 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 ¢, (0 < ¢4 < 27) when it reaches 74 in a phase shift keying (PSK)
scheme. We emphasize that, throughout this work, the information is not encoded by the source at r;
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 CS;{SO = sign [COS (~§I"SLO )} ;where @SLEO = ngm (rq;rs) and ém,n (TgiTs) = D (Pgi7s) +
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15
16 Figure 1 Fig. 1. Illustration of how a programmable coding-metasurface (CMS) acts as a wireless multiple-port device. a) SISO:
17 CMS serves as a wireless ultrathin device with one input port and one output port, linking one source to one intended receiver.
18 b) SIMO: CMS serves as a single-input multiple-output wireless device, connecting one source with Q(Q > 1) intended receivers

(Receiver #1, Receiver #2, ..., Receiver #Q). ¢) MIMO: CMS serves as a wireless ultrathin device with S input ports and Zle Qi
;g 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 #sq, ) by CMS.
21
;; & (rq) , Amn (rg;7s) = k(Jrs — Pmn| +|7g — T n|). Herein, k denotes the wavenumber in free-space, and
24 Rym (7'3) Rym (rq)
25 Tm,n denotes the location of metasurface element. Considering that the real location of the source r’
2% is usually inaccurate or even unknown [19], we assume that the estimated location of the source is 7.
27 Then, the response at r can be derived as (see details in Appendix A):
28 o0
29 Hsiso (r,r’;q,s) = E§ISO (r,'r’;q,s) + Z BSISO AEISO (’l",?"l;q,S) exp (]p¢q) (1)
30 leading term p=—00,p#l
g; perturbation terms
33 Herein, j is the imaginary unit and
34 SISO SISO 4 SISO .
35 EP15C (r,1'5q,5) = BYTPO AT (r, 175 ¢, 5) exp ()
36 SISO ’. B exp [J (PAnm ("'q; Ts) = Ap (1577))]

A (7’, ridq, S) - Z
37 P — Ry (r) Ry (77)
38 ’
39 ]‘T"H 2 . .
— £ if pis odd

40 and B350 = TP P . Note that |Bf199| = |BS199] and Rym (1) = [r — 7y n| , where
41 0, else
42 T'm,n denotes the location of the (m,n) meta-atom. Equation 1 offers several important insights. First, we
43 note that the leading term E$'SO represents the system response of continuous metasurface but corrected
44 by a multiplicative factor of BTS00 = % ~ 0.64 (corresponding to about 3 dB energy loss). Meanwhile,
45 the perturbation terms characterize the unwanted parasitic beams that divert the energy from the source
46 into directions other than that of the intended receiver due to the one-bit quantization of the meta-atom
47 programmability.
48 To illustrate the roles of different terms, we plot spatial maps of ‘Hs 150‘ for representative cases.
49 Firstly, we consider two cases for which the source and intended receiver are in the near field of the meta-
?1) surface. For a receiver on or off the 0° azimuth, Fig. 2a and 2b respectively show plots of ‘725150‘ both
52 with continuous and one-bit coding metasurfaces. Additionally, the first a few nonzero terms ’Eﬁl SO’
53 are visualized. In both cases, we observe that the leading term p = 1 dominates the system response
54 "HS 150‘ and there is no significant difference between the continuous coding and one-bit coding. While
55 the focus is about 3 dB weaker with the one-bit coding, and the quantization energy loss is statistically
56 uniformly distributed over the entire space. Overall, in these two cases the performance of one-bit coding
57 is of comparable quality to that with the continuous coding.
58
59
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Figure 2 Spatial maps of ‘?—A[slso ‘ for continuous and one-bit coding metasurfaces, as well as the maps of ‘EZS)ISO ‘ for p =
+1,43,45,47 in the one-bit coding case, in which the maps titled with continuous are normalized their own maximums, and
other maps are normalized by ’Eflso (v, 7's) ‘ Different source and receiver locations are considered: a) s = (0,0,1.2 m), r, =
(0,0,3m). b) s = (0,0,1.2m),7q = (0,0.6 m,3m). c) rs = (0,0,1 km),r, = (0,0,2 km). d) »s = (0,0,1.2 km),r, =
(0,0.1 km, 2 km).

Next, we consider two similar scenarios in Fig. 2c and 2d 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 ’ﬁsjso’ but can be truncated at the number of calculated terms P = 3 (RMSE < 0.5%
). Unless the receiver is at the 0° azimuth, multiple unwanted parasitic beams appear that 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 ESISO terms under a farfield approx-
imation:
exp [jk (prg — 7+ (p = D)rs))]

T

B0 (rriq,5) ~ BYTSOMN exp (jpoq) , for 7 —pig+(1-p)is[7 (2)
Here, we denote by the symbol al||b that the vector a is parallel to the vector b.
Then the desired beam ( p =1 ) in the far-field approximation is

" o
Effso( BfISOMNeXp [k (rg —7)]

) for # — 7
vy exp (joq) or r="7q (3)

r,Trs;q, S) ~
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 (rq + 1 — 2ry)]
rrg

ESISO (¢ p,:q,s) ~ BSISOMN exp (—j¢q), for #y + 7 + 27,0 (4)

Here, = |B§IlSO ’ confirms the previous observation in Fig. 2d 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 #, = #; = n from Fig. 2c, 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 #, = #, = n, we have

‘B§ISO |

EPSISO ('I", Ts;4,s ) BSISO MN exp (Jp¢q) (5)

é
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Thus the SISO system response reads

_ 2MN &
Hsiso (14,7539, 5) = o Z B89 cos (pgy) (6)
S pzl

We observe that ﬁSISO (rq,Ts;¢,8) is a real number in this case, preventing the metasurface from
achieving high-level PSK beyond BPSK.

2.2 Case II. SIMO and MIMO

We first consider the SIMO setting, in which a single source at ry is linked to Q(Q > 1) receivers
via directive radiation beams, upon interacting with the metasurface. The ¢ th beam is aimed at the
intended receiver at r, with desired phase ¢4 (0 < ¢4 < 2m) for the PSK information encoding. For
this purpose, the closed-loop estimate of the required one-bit control coding pattern of the metasurface

s ColMO = sign [Z 1COS( SIMO(q))}, where ¢SIMO(g) = ¢, . (ry;7').Following similar steps as

nm

before, we obtain the system response of the one-bit coding metasurface at r as:

EP™MO (v {q}, ) +

leading term

Z Ei{fo (r, 7" {q}, s) exp l qu%] (7)
{pq}/{qupq‘zl&pq?é*l}

ﬁSIMO (Ta T‘/; {q}7 S) >

perturbation terms

Here, {q} 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 Eq. 7,

Q
EP™O (0 {a}, 5) = BI™MO Y exp (jog) AT (r,775 4, 5)

qg=1
SIMO /. SIMO SIMO /.
E Pay (T, LA {Q}, ) {pq A{pq (’I”, L] {Q}> S)
where BSIMO = — 150570 | p, % LT[2, T, (€)de, B§TMO = L [% 17,(£)J¢ ! (€)d¢ and

ex Q a D n(Tg;Ts) = Dm n(rr
AFINO (1,77 (g}, ) = X, 2V IPRWJRW&) wl) Note that BEA© = 0 when S

is an even number. More details about Eq. 7 are presented in Appendix C. As before, the Q)-fold multiple
summation of the second term in Eq. 7 can be approximated with an accuracy of RMSE < 0.5% under
the condition of 3 [pe| <3

Similar to the case of SISO, the leading term EF’© in Eq. 7 describes the system response of
the corresponding continuous metasurface but with a multiplicative factor of BYTM©. The collection

{pq}/ {Z o 1Pql = 1&py # —1} describe the energy leakages due to the one-bit quantization in comparison

to the continuous 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
completeness, 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 7, then the desirable system response of the continuous coding
metasurface can be constructed. With reference to Eq. 1, the one-bit coding metasurface with the &
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th coding pattern will produce the system response f’qg;)so (r; ¢, s) with the intended phase (bék) at the
receiver at r,(k = 1,2,..., K). Then, substituting Eq.1 into the first term A7759 (r,7';q,s) in Eq. A3
leads to the following 2P linear equations:

S 1wkeXp(J¢ ) T exp(jo) + €

K (8)
> k1 Wk €XP (Jp¢q ) =-1,£2,...,£P

Herein, € denotes the approximation error. To determine the K weighting factors {wy}, a classical
minimum mean-least-square method can be applied to Eq. 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 to 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—pit is the multiplicative factor
(B{15€, BP™MO or BMIMO) between the desired p = 1 one-bit coding system response term with 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 to the leading term. We consider an information
stream with M;-level PSK modulation, where the source emits waves and the PSK information modu-
lation 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 i th receiver (located at r; ) is

2 27 21

€0, =2 (M- 1) =
¢z€91+{0a ) ) 7( % )Mz

=1,2,...
M,L MZ }? ? = )Q

where the symbol 6; denotes the phase bias for the ¢ th receiver.
We here consider a realistic scenario, where any two receivers are well separated in terms of the Rayleigh
limit, |A§799 (r;,74;q,s)| ~ 0 for i # q. Then, as detailed in Appendix E, we can obtain the coherence

of Hsrno (ri,rs;{q},s) and Hsrvo (rj,rs;{a},s) :

<7QSIMO (rios; {a}, ), Hsivo (ry, 7 {q}, s) =

SIMO N SIMO,x /. .

BO o AO Z Z{Mp”pap}E{]\/fpnp} (T.j’ {q}, S) 9
Np:1—Q/n; ( )

+BgIMO’*A3 Z Z{Mpnpgp}E{svj{gnQp} ('m;{Q}aS)a for 4 7&.7

Npi1—Q /Ny
o 2 SIMO 4 |2
‘HSIMO (ri,rs; {a}, S)‘ ~ |Bo A0|

where Zg, 9,3 = exp (j quq9q>, and we have assumed that Ay ~ A7799 (r;,74;4,5) holds for any
r; € {q} 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 {6;}. This observation is consistent with the results presented at the end of
this section in the context of holography.

Page 6 of 30
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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

SIMO _ SIMO _

symbol acquired at r,, the statistical mean pu: <7—A[51Mo (ru,rs; {q}, s)> and variance o7

~ N 2
<"H31Mo (ru,7s;{q},s) — <'H31Mo (ru,7rs;{q}, s)>‘ > are readily derived as:

SIMO BSIMOASISO(
- -0 1

iy Tu, Ts; U, 8) exp (jou) +
for continuous coding metasurface
SIMO : (10a)
Z E{pq} (rus 753 {q}, 8) exp [[PuPul Z(p,6,} /pub H Opy—ng M,
{pa}/{Zq|pq|=1&pe#—1} q=1,q#u
one-bit quantization mean bias
Q 2
oSIMO _ ’BSIMO‘ Z o2 | ASTSO (1,155 0,8) | + X (u, {M,}) (10b)
————

1 u . A .
a=1a# one-bit quantization variance

for continuous coding metasurface

Herein, Z¢;, 6,}/p.6. = €XP ( iy 0.9 pqﬁq) , 03 is the covariance of the intended information stream

of the ¢ th 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 {051 M O} over all intended receivers. As
a result, we have:

1 Q
2 _ SIMO
OsiMO = Q Uu

’BSIMO|2 1 i i ASISO (P s i u, {M,})
0 : :1 Uy S7q7 ~

2 X

T cont

(11)

If an continuous coding metasurface is used instead, variance and mean are characterized by 02, and
APTSO (pu, 5) exp (j¢,) Therefore, the effect of the one-bit quantization of the metasurface is obvious
from Eq. 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 information
capacities of a metasurface with one-bit coding and a metasurface with continuous coding. Based on Shan-
non’s theory, the information capacity C.ont of an continuous coding metasurface can be readily obtained
[54,55]. For instance, for the SIMO case, it reads Ceone = Qlogy (1+ S/ (02 + 0%, )) per frequency,

where S and 02 denote the signal and system noise levels, respectively, and S = P ‘A?ISO (rq,7s;¢,5) ‘2 R

PIMN, /rsrq|2 (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 o2 . . . Both effects dete-
riorate the SNR (signal-to-noise ratio) and thereby reduce the information capacity in the case of the

one-bit coding metasurface:

Cone-bit ~ Q 10g2 (1 + ’7(2)ne-bit S/ (UrQL + Ugne-bit )) (12)



oNOYTULT D WN =

SCIENCE CHINA Information Sciences

Shuang Y, et al. Sci China Inf Sci 8

B8O | for SISO 0, for SISO
where Yone—pit = BlsIMO , for SIMO , and Uﬁne_bit = a%IM@ for SIMO
BMIMO - for MIMO oMo » for MIMO

The approximate-equal symbol in Eq. 12 is used because the one-bit quantization mean bias in Eq.
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 Cope-bit @S

AC C(one—bit - C(cont < 2 o2 + o2 o2 + o2
= ~ log Yone-bi S | & log 72n -bi " ot (13)
Q Q 2 one-bit 0_7% + 0_2 2 one-bit 0% + ’7c2)ne_bit O_Cgont +x

where we assumed SNR >> land o2 = V2 it Oont + X in Eq. 13, respectively. Note that the

one-bit
definition in Eq. 13 implies AC < 0. Considering that % behaviors as a monotone decreasing function

2
one-bit ?

one-bit

of o2 for 02, >0 we can estimate its lower and upper bounds:

AC V2 o 02
log, (W’gne-bit ) < a < log, ( 72 Or: blat,z C:n:_ X (14)
one-bit “ con

The upper bound of % is reached when the system noise level o2 is relatively low (0,% < 02, and
02 K V2 obit Ot + x). Furthermore, if x < V2 . it Ocont » the upper bound approaches to zero, i.e.,
AC 4 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 in Fig. 6 that the inequality x <
Y2 obit Ocont  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 discussions

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 ﬁSISO as: ¢q € {%,z =1,2,... ,Mq}. To quantify to what extent the one-bit
q

coding metasurface is capable of approaching these desired values, we define the following metric for the
achievable phase resolution:

(15)

Agsiso (ry) = min|plko (rs) — ko (1)

where ‘Pgl)so is the phase of ﬁSISo for the ¢ th intended phase. To quantify the difference between
the performance with one-bit and ideal coding, we define the following metric:

. } .
ECSTSO _ — Z sign {cos ( SISO )} — cos( SISO )’ (16)

Figure 3a and Figure 3e plot the dependence of Apgrso (r4) and ECST90 | respectively, on rq for

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 Eq. 6. In a scenario
with a source incident at an oblique angle, as shown in Figure 3d and Figure 3f, there appears to be a

similar limitation if 7, + 7||7. Indeed, in this case the far-field approximation of SISO reads

q;7SlIrrSLO E(lrs = mmnl +1rg = Pmnl) + ¢g R E(rs +7¢ = Pimn - (Ps + 7)) + ¢4

R o (17)
~k(rs+ry) +¢, for 7y + 7s|n
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Figure 3 Fig. 3. M-level PSK with a one-bit coding programmable metasurface in SISO. a-d) Dependence of phase resolution
Apsiso on the receiver’s location r,. Considered 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 ECSTSO on 74 for the same settings as in a-d. In
addition, the metasurface has been marked with a yellow solid rectangular.
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such that the control coding pattern of the one-bit coding programmable metasurface is CSISO =

sign [cos (k (rs + 74) + ¢¢)]. Again, it is obvious why a receiver in the far field with 7, + 733||?7i 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 ECSSC for this scenario in Figure 3e;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 Figure 3b-c and Figure 3f-g in terms of
Apsiso (ry) and ECSSO | respectively. In light of the well-known reciprocal property [56], 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.

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 response of the non-ideal one-bit meta-atom is A, e’®+and A_e/®~for states > 1" and * 0’ (with
0 < AL < 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

. . - _ideal . Y
quantization 37565 S1ar0 mrao(T;---) 1s

HE0 simo o (15 +) = 2A455° (rig-++) + y1Hsiso.smio armo(rs ) (18)

jda,)

(A LIt tA_?) <A+e-’“”+‘A*“
n

where 79 = and y; = . It can be observed from Eq. 18 shown that,
in terms of manipulating the radiation beam, the non-ideality of a one-bit quantized metasurface results
in additional energy leakage. More discussions 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 conclusions 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 4a. The normalized amplitude and phase of the achieved holographic image at a distance of 3 m
away from the one-bit coding metasurface is shown in the top row of Figure 4c, 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 shown in the middle and
bottom rows of Figure 4c. In both cases we initialize the GS algorithm with Cffﬁ/f O, The convergence
behavior of the GS algorithm with and without the phase constraint is plotted in Figure 4b. Our
results show that the proposed closed-form formula for obtaining the coding pattern of the one-bit coding
metasurface, Cffflw 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, 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;}.
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7-step iteration by using the GS algorithm with the phase constraint

@ @, &

7-step iteration by using the GS algorithm without the phase constraint

mo U E

Figure 4 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 Ref. [53]). In both cases, the GS algorithm is initialized with CE:}\:{O =

sign [Z(IQ=1 cos ((Z)ili\:[o(q))] c. Results using CTS,LI’I\: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.
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5.3 Information capability of one-bit and continuous coding metasurfaces
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Figure 5 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 CSIMO 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.

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

2 i and o2, as a function of the number of
channels Q, in which the source and receivers are deployed in the near-field region of the metasurface. It

Q for different system SNRs, and Figure 6b compares o2
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Figure 6 a. The normalized difference information capacity 2¢ 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, (7§ne-bic )

is also plotted. The binary PSK (M = 2) is considered. b. The comparison of o2 ;.

of channels Q. ¢, d. Constellation diagrams for Q = 3 and Q = 6 for different system SNRs. The constellation diagram axes are
normalized by BgIMO. 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 o2 as a function of the number

cont

can be verified from this set of figures that % approaches to the upper bound identified in Eq. 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, (7§ne-bit ) is approached. Some representative constellation diagrams for Q = 3
and @ = 6 for different system SNRs are shown in Figure 6¢ and d, in which the red and black stars
characterize the signal interferences for the system-noise-free case, respectively. Additionally, the bit-
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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 Conclusions

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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Appendix A Derivation of Eq. 1

We elaborate on the derivation of Eq. 1 and provide necessary notations involved. For the SISO setting, the control coding pattern
of the one-bit coding metasurface reads

€510 — giom [COS (in*}"lo)] "

m,n
where ¢51%9 = Grmn (1qi7s) s dmn (PgiTs) = Amn (g3 7s) + ¢ (1g),

Arn,n (rq§ 7'3) = k(lrs - 7'771,71' + I"'q - rm,nl)-
Rpm (rs) Rnm(rq)
Herein, ¢q = ¢ (7¢) (0 < ¢p¢ < 27) denotes the intended phase directed from the source to receiver at r, through the metasurface,
and sign(x) is the sign function:

+1,z2 >0
sign(z) = 0,z =0
-1,z <0

Using the following identical equations:

sign(z) = _7] /jo e)(p(fif)d&

eXp (]5 cos (d;nm)) = i exp (]pﬁ%nm) jp']P(g)

p=—o0
we can express Eq. Al as:
SISO _ —j [Pl & . p - SISO .
= z > exp (jp¢>nm)J Jp(€)dé = > B exp (]p¢n'm,) (A2)
™ TS p=—occ p=—o0
+1 +1 =P 2 s odd
where B;’:ISO = # I, %Jp(é)df = _Ji I %Jp(g)dg = B »o P . Now we can derive the radiation
0, else

response of the one-bit coding metasurface as:

* Corresponding author (email: tjcui@seu.edu.cn, philipp.delhougne@gmail.com, lianlin.li@pku.edu.com)
t Shuang Y and Zhao H T have the same contribution to this work.
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exXp [_jAn'm (T§ I‘/))}
an(r)an (r’)

’gslso (1‘7 I"§q»3) = Z Ci,l,io .
m,n

oo

. exp [ijm,n (rg;7s) — JAnm (T§ "'/))}
= p;w By exp (jpdq) g;l an?r)an )
exp [ Am,n (rg;7s) — jAnm (r57"))]
an,(r)an (l‘/) (A3)

Bi'5C exp (jog) >

ASTSO (1171q,q)

> ) exp [jpAm,n (Tq;Ts) — §Anm (151’
b3 B0 e (pey) 30 DRI Cuir) Z 08 (1))
p=—o00,p#1l mon nm (I'n

AIS;ISO(TYT/;Q,S/)
where >° = SN SSM_ . After introducing the following notations
SISO ’ SISO . SISO ’
Ej (r,x';q,8) = By exp (jq) A} (r,x'5q,9)

iPAmn (Tg;Ts) = jAnm (r;1"))]
AST1SO /. _ exp [JP s q
o (mrhas) =2, B (1) R (1)

s

m,n

then the proof of Eq.1 in main text can be readily completed:

oo
T ’ SISO ’ SISO 4,SISO ’ .
Hsiso (r,r'5q,s) = EY (roxsa8)+ > BJPPASC (r,r'iq,s) exp (ipdg) (A4)
" p=-o0,p#l
leading term
perturbation terms
_ipHl
Discussion 1. The derivation of A, = ]Z o L7, (&)de.
—4ptl

We focus on the derivation of A, = I %Jp (&€)d€. Tt can be processed as

™

—PH e 1 9=iP*L foo Ly (¢)de, pis odd —23P s odd
A, =2 J(g)dg—{ — Jo~ g Jp(§)dE, pisodd _ 2i_—, piso (A5)

™ —oo & ? 0, else 0, is else

in which we have used a fundamental property of the Bessel function
Ip(=€) = (=1)P (&) = J_»(&)
and the integral identical equation of the Bessel function

r(e
#:iifp>0‘
p

Discussion 2. Far-field solution of Eq.A4.

We study the system response ﬁslso when the source and receiver are in the far-field region of the one-bit coding metasurface.
For this purpose, we would like to consider the calculation of AZS)ISO (r,7';q,s) in the spherical coordinate system. To this end,
some necessary notations are introduced as follows:

Tq = @& sin (aq) cos (Bq) + ¥ sin (aq) sin (Bq) + z cos (ayq) ,
Ps = @ sin (as) cos (Bs) + Y sin (as) sin (Bs) + z cos (as)
7 = & sin(a) cos(B) + ¥y sin(a) sin(B) + z cos(a),

i & sin (a/) cos (B/) + ysin (o/) sin (ﬁ/) + Z cos (a/)

Tm,n - (Fq + Ps) = Tm [sin (aq) cos (Bq) + sin (as) cos (Bs)] +

Yn [sin (aq) sin (B4) + sin (o) sin (Bs)],

Toon - (P + 'f‘,) =, [sin(a) cos(B) + sin (o/) cos (ﬁ/)]

+ yn [sin(a) sin(B) + sin (a’) sin (8')],

EEISO = sin(a) cos(B) + sin (o/) cos (,8/) — p[sin (aq) cos (Bq) + sin (o) cos (Bs)] ,
SISO

n, = sin(a) sin(B) + sin (o/) sin ([3/) — p[sin (agq) sin (8q) + sin (as) sin (Bs)] -

Then, AIS;ISO (r, r’;q, s) under the far-field approximation can be derived as:

SISO /. _ exp [ijm,n (Tq§ "'s) — JAnm (7’§ 7',))}
A et = 3 B (7) R ()

m,n

exp [jkp (rg +75) = ((r+1'))] S e [

rr/

—GkpTm,n - (Fq + 7s) + GkTmn - (F+7)] (A6)

m,n

exp [jkp (rq +15) =3 ((r+7))] . 1 5180 . 1 s1so
~— p_- L. L, sinc <§kLI§p ) sinc Ek:Lynp
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Here, L, and L, denote the scales of metasurface along the x - and y-directions, respectively; sinc(z) = % has been defined;
and the following approximation has been used

Apn (7';7'/) =k (!7‘, — 'r'm,n| + |r — 'r'm,n|) ~k (r' + 7= Tmn - ('f' + f-’)) (AT)

Using Eq.A7 in Eq.A4 immediately leads to the far-field expression of the system response for the SISO setting.
It is clear from Eq.A6 that if the vector of # + #' + #, + %, is along with the normal direction of the metasurface, then we

have ‘AS_IJO | = |A§ISO | Recall that BiIlso = BfISO , we can arrive at the following conclusion: When the source and intended
receiver are in the far-field region of the metasurface, the one-bit quantization of the metasurface can give rise to an unwanted
dominant parasitic radiation beam
Bpreite (1 7'50,8) = B exp (—jgq) AZTC (r,x'5q,5) .

Note that this parasitic beam has the same maximum intensity as the desired radiation beam EISISO but with different radiation
phase shift exp (—j¢4). Please see more details about the parasitic radiation beams below.

Discussion 3. Parasitic radiation beams of the one-bit coding metasurface

We provide some insights into the parasitic radiation beams when the receiver and source fall into the far-field region of the
one-bit coding metasurface. For convenience of discussion, we denote the location of the (m,n) meta-atom in the rectangular
coordinate system by T, n = (nds, mdy,0), where d, and d, are the scales of the meta-atom along the x - and y - directions,
respectively. In term of the paraxial approximation, we have

P> + pii — 2(ndaps + mdypy)

[P =P = 2z+ 2

(A8)

s _ 2 _ 2 2 2 _ 2 2 P . . SISO .
Herein, r = (pz, py,2),p” = p, + py, and py,,, = (ndz)” + (mdy)”. Note that one of the critical issues for calculating A} is
to deal with pApm, (7g;7s) — Apm (7‘; 7"). To that end, we apply the paraxial approximation to A, (7‘; 7") and Ay, (7g;7s), in
particular,

Anm (7‘; 7'/) =k |'r" - 'r‘m,n| +k|r— T nl

2 2 ' ' A9)
P +Pmn—2(ndxp. +mdyp 242, —2(nd d (
zk(z’—‘—z)—!—k T y)+kp + Pian (ndxpa + mdypy)
2z 2z
and
Apm (rg;Ts) = k|rs —rmn| + k|rg — Timnl
2 2
k(5o + 70) + 1 Po Tt Piun = 2 (0 pox + mdypsy) 4 Pat Pinn = 2 (ndapoe + mdypay) (A10)
2zs 224
Then, pAnm (rq;7s) — Apm (7‘; 7") becomes:
2 2
—2(ndyps dyps —2(nd d
DA (Pai ™) = A (r377) = ph Pmn (ndzpse + mdypsy) 4 plPmn (ndepgz + mdypgy)
2z 224
2 =2 (ndypl, +mdyp! 2
-~ kpm" =P Py _ pPmn — 2 (ndgps + mdypy) 4+ k. cSIS0
227 22 (A11)
k z z z 2 z , z z
=-5 1t TPy T PL ) P TPt Pa— PP = 7, PPae ndy
SISO k

k z z z s1so
+; <Py + Py~ prsy - prqy) mdy +k-E

SI50
by

2 2
. P o 2 2
Herein, £S180 = p(2s + 2¢) — (Z/ + Z) +p (22 + 2qu>_ (% + 37) 7s = (Psas Psys 2s) Pi = P§$+P§yv7'q = (ququyvzq)vpz =

pfm + pgy. Substituting Eq. A1l into AEISO (7', r';q, s), leads to:

ASTSO (n g 8 = Z exp [§ (PAnm (Pg;7s) — Dpm (r37))]

P mon an(r)RnnL("'/)
51502 s1s0)? (A12)
o1 i < _ﬁ (b’I ) + (byI ) ex (,kgszso)
77 a+ikﬁs2£so Pl =72 a+ik552£so p\J

In the second line of Eq.A12, we have assumed the Gaussian illumination beam of the source, and the beam width is a =
(Ndy/2)~2. In addition, the following integral identical equation has been used

a b2
/ exp (—at2 + jBt? +jbt) dt = /airizﬂ exp (—m)

It is clear from Eq. A12 that the parasitic beams of the one-bit coding metasurface can be observed at (pz(p), py(p),2) (p =
—1,43,+5,...), where p; and p, are defined as

z z z
pz(p,2) = —ppse + —DPPgx — — Pl (A13)
Zs Zq z

z z z
py(P,2) = —Ppsy + —DPpay — — Py (A14)
Zs Zq z
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Appendix B Some details about Fig. 2

We here provide details about ‘ESISO ‘ involved in Fig. 2 in the main text. Fig. B1 plots the spatial maps of ‘ﬁsIso ’ correspond-

SISO
=

), the first a few non-zero terms

ing to Fig. 2 in the main text. In order to show details of |E§ISO|

are normalized by their
maximum. From these figures, we can verify two findings made in the main text, i.e., 1) the quantization energy loss is statistically
uniformly distributed over the entire space when the receiver or/and source is in the near-field region of the metasurface; and 2)
multiple unwanted parasitic beams appear that interfere with the desired beam when the receiver and source are in the far-field
region of the one-bit coding metasurface.

Figure B1 Spatial maps of ‘ﬁSISO ‘ for continuous and one-bit coding metasurfaces. The simulation setup and notations are

the same as those in Fig.2 in main text, but the maps of |E§ISO

’ are normalized by their own maximum.

Appendix C Derivation of Eq. 7

We elaborate on the derivation of Eq.7 in the main text. For the SIMO setting, the control coding pattern of the one-bit coding
metasurface reads

Q
Coin'@ = sign {Z (¢iano<q>)} (c1)
q=1

where &fano(q) = (Z)m,n (re;rs), (Z)T,h71 (rg;7s) = Amn (Pg;7s)+ g, and Ay, (7g;7s) = k(|7rs — Pmn| +|7g — Tm n|). Similar
—_—— — —

Rnm (rs) Rn"L(rq)
to those in Appendix A, we express Eq. C1 as:

eSO — gign | S cos (63740(@)) | = =2 [~ L T exp [ cos (#mi@))] e
q=1

T Jeoo €5

_i oo ~ Q
%/_mgzz---zmp 33 PaGnm(a) qupq[IlJpq<s>df (C2)

P1 P2 PQ

o i Q
ZZ . ZEXP (.7 qu‘gnm,(Q)) / %jzzq[)q% H Jl’q (&)de
rQ a - q=1

P1 P2

in which, 35, = ¥°__ and 3, = EqQ:l. After introducing the notations Bf}ff = %P [0 %H(?:lJpq (&€)d¢ and
E{p_} = Zpl 3pgy -ZPQ , we can express Eq.C2 as:
SIMO SIMO . bt
Coin' = > By} exp <J qu¢nm(q)> (C3)
D4 q
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Now, we can arrive at the SIMO’s system response of the one-bit coding metasurface as

H A (rix!
Hsivmo (r,r'5{q},s) Z oSIMO €XP [<i8nm (r;7)]

men nrn( )Rnnl (l‘

Z - (J qud’q> exp [18gPqAm.n (TgiTs) = jAnm (rix'))]

{p S Rym (T)Tnnz)
ASIM (1
i }( )
o (C4)
= B0 S exp (jbg) AT (roxsa8) +
q=1
ESTMO (rx/ {q},5)
SIMO <
+ > By (rv';{a},8) exp | D Padha
{p;}/{Zilpi|=1&p;#-1} =1
perturbation terms
Herein, BfIMO =21 j°° 1 ]1 ]Q*I(g)dg, and E:{S}{Mo (r, r'’; {q}, s) = f;]\i{OAfjkio ('r', r'). In addition, the operator denoted
ij
by Z{Pi}/{zihﬂ:l&m#—l} is defined as follows. For a function of f (p1,p2,...,pqQ), we define:
> F@1,p2,--,p@) = D f(p1,p2,--,p@) — [f(1,0,0,...,0) + f(0,1,0,...,0) + -+ + f(0,0,0,...,1)]
{pri}/{Zilpi|=1&p;# -1} {ri}
Discussion 1. The derivation of Bf;f‘?pog} = *J'Plirrszrl) fi—z Jpl(g):’&({) dg.

We consider the calculation of B“{SPI'A}{O for the special SIMO case: single-input double-output, Q=2. Then, we deal with

7
SIMO _ —ij(p1+pa+l) Ipy (&) JIpy (&) L.
— J P1”P2 fj—:j P1 & p2 d& a

{p1,p2} s follows:

3

pomvo gty /+°° Jm(f)Jpg(f)
{p1,p2} =

T

_ Pt t+1) / /2 Jp1+p2(2:v cos 9) cos [(p1 — p2) 0] d0de

_jpitpatl) o T ~ J 2 s 0
= " .z / 3 cos [(p1 — p2) 0] |:/ 7m+p2( gos )dﬁ] de (C5)
TF ™ Jo —oo 3

—jP1tp2+1) o 2

= P /% cos [(p1 — p2) 0] dO
0

7“ T p1+p2
_M.<E)Q,M
P1+p2 P1 — P2

T

In the first and fourth lines of Eq. C5, the following identical equations

™

2 (2
Toy (8)Tpy (@) = = /0 i, 4pg (22 08 0) cos [(p1 — p2) 0] dB

= Mdg - {0’ P1+ p2 is even

€ pTapgs P1tp2iisodd

have been used, respectively. Finally, we can arrive at the closed-form solution of B{S;lop(z} as

SIMO 0, p1 + p2 is even

Blprray = {J(P1+P2+l) (2)2. sin[(01-72) 5
P1—P2

(Co)

, p1+ p2 is odd

Especially, the leading term is B5TM©O = 2 /4 tJo(€)J1(8)de = (7)
Discussion 2. Parasitic radiation beams of the one-bit coding metasurface

We here provide some insights into the parasitic radiation beams when the source and multiple intended receivers are deployed
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in the far-field region of the one-bit coding metasurface. Similar to above, we treat Zq PgAnm (Tq;Ts) — Dpm ('r; 'r") as follows:

k 2
ZPqAnm (rg;rs) — Dpm ("'3 "'/) = T3 qu ( *) Pmn
p z Zs Zq
BSIMO
k z z z
+ = (et S0 =D Pa | —psw + —pax ) | nds
z z p Zs Zq
pSIMO
k z SIMO
+ = | oy qu Psy —Pay mdy + k&
z 2q
bZS/IMO

Herein, e5I1MO — (L o2 Iz (e P2 : ; s
, € =p(zs + 2zq) (z + z) + Zq pq | 35 + 22g e+ 5) Along the same line as that used in Appendix A,

we can arrive at the close-form solution to A?;VI_I}O (r,7"; {q},s) :

ex j ZqQ: aDmn (rg;7rs) — Amn (73 rr’/
A?LI:I}O (r, 7" {a},s) = mZ;L . (] [ 1 pan(r)an (r") ( )D

simo '\ 2 SIMo ) 2
1 "T k? (b”” ) + (by ) ( »kSSIMO>
————e¢exp | ——— exp (J .
o kﬁsnvxo 122 o ikﬁs;zMo

(C7)

22

Then, for the SIMO setting, the parasitic radiation beams can be observed at the locations of (p. ({pq}),py ({Pq}), 2), where

P ({2a}) = £y pa (Z 050 + Zpax) = 204 and oy ({pa}) = 3y pa (£ pow + Zpay) — 20,
Discussion 3. Far-field solution of Eq. C4

Here, we will study the system response QSIM when the source and intended receivers are in the far-field region of the one-bit

coding metasurface. Similar to the SISO case discussed in Appendix A, we deal with A“{Q;Q} (7', r’;{q}, s) as follows
k2

exp {jk > Pq (rq +rs) =gk ((r +r’))]

rr!

Af;ﬂio (r,7';{a},s) =

X Z exp _jk"'rn,n . qu ('ﬁq + ';'s) +jk7’m,n . ('f’ + ';'/)
m,n q (CS)

exp {jk Eq pq (rq +75) — jk ((7‘ +7‘/)):|

’

~ —
~

Tr

X Ly Ly sinc @kmeS‘Mo ({pi})) sinc (%kLynSIMO ({m}))

Herein, £€3™© and nS™O are defined as: ¢5™© ({p;}) = sin(a) cos(8)+sin (a') cos (B') — 324 Pq [sin (ag) cos (Bg) + sin (as) cos (Bs)]
, and 7°™© ({p;}) = sin(a) sin(8)+ sin (a’) sin (8') — 32, Pq sin (ag) sin (Bq) + sin () sin (Bs)], respectively. It is noted that the
farfield approximation is explicitly used in the second lme of Eq. C8. It is readily observed from Eq. C8 that the parasitic
radiation beams can be observed when the vector of Zq pq (Pq + 7s) + 7+ 7 is perpendicular to the normal of the one-bit coding
metasurface, and these unwanted parasitic beams are described by the perturbation terms of Eq. C4 :

BSIMO exp (— j¢>q)ASIMO (r,7"5{a}.8) (¢ =1,2,...,Q).

Discussion 4. The efficiency of the closed-form expression C;ifffo
As an additional set of examinations for Figs. 4 and 5 in the main text, we validate our closed-form solution in designing the
desired radiation pattern of the one-bit coding metasurface. As an illustrative example, we consider the SIMO case with Q = 3,
and thus CELIHMO is concerned. To this end, we study the performance of the modified Gerchberg-Saxton (G-S) algorithm [32]
initialized with the result by Cfl{nMo. Figure C1(a) plots the evolution behavior of the intensities at three intended receivers with

growing iteration. Figure C1(b) show spatial maps of ‘ﬁslso | of the onebit coding metasurface for three different iteration steps

(iteration=1,5 and 10). Note that the result of 7-[3150| with iteration=1 is just the result using our formula CSIMO. This set
of figures show that no obvious improvement is observed by using the iterative GS algorithm when it is initialized by our simple
formula. That is to say, the proposed formula for obtaining the coding pattern of the one-bit coding metasurface, CSL{KO, yields
satisfactory results of a quality comparable to that achieved with the iterative G-S algorithm.

Discussion 5. Approximating the system response of the continuous metasurface with that of a one-bit coding metasurface

We investigate the relation of the system response between the ideal and one-bit coding metasurface from the viewpoint outlined
by Eq. 8 in main text. For illustrative purposes, we here consider the SIMO case. Figure C2(a) reports the map of the approximate
error (relative RMSE) for varying @ and K. A red dash-dotted line indicates the contour on which the relative RMSE is 0.2. We
denote with K¢.2(Q) the value of K at a given Q for which the relative RMSE is 0.2. In Figure C2(b), we compare the dependence
of Ko.2 and Q/Yone-bit on the number of channels Q. It is clear that the system response of the ideal metasurface can be well
approximated by using K responses of the one-bit coding metasurface which can be achieved by using one one-bit programmable
metasurface with K well-designed control coding patterns.
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Figure C1 a. The evolution behavior of the intensities at three intended receivers with the growth of iteration. b. Spatial maps

of "%ALSISO | for three different iteration steps, i.e., iteration=1,5 and 10. Note that the result of |ﬁSISO| with iteration=1 is just

the result by using our formula Ci{ﬁlo. Here, the resultant coding patterns of the one-bit coding metasurface have also been
provided.

Appendix D Derivation of the MIMO’s system response

We here elaborate on the derivation of the MIMO’s system response of the one-bit metasurface. In this case, the coding pattern of
the one-bit coding pattern reads:

S Qs
IO = sign |37 > cos (40iM7 (a.) (D1)
s=1gqgg=1

where QE%Y{/MO (gs) = dm,n (rq;7s) ,J)mm (rqg;7s) = Amn (Pg;Ts) + dqss and Apy o (Pg57s) = k(|7Ps — Prmn| +|7qg — Pmmnl)-
A

Rpm (rs) R (74)
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K
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— Q/}'one~bit
40 - KO.Z
20
0
0 5 10

Q

Figure C2 The relation of the system responses for continuous and one-bit coding metasurfaces. a. Map of relative RMSE using
K well-designed system responses of the one-bit coding metasurface to approximate that of the continuous coding metasurface. The
red line indicates the contour at which the relative RMSE is 0.2. b. Comparison of the dependence of K¢ 2 and Q/Yone-bit on the
number of channels Q.K(.2 denotes the value of K when the approximate RMSE is 0.2 (see red dash-dotted line in a.

Along the same line as that in Appendix A and C, we can express Eq. D1 as follows

S Qs ~ —j e s Qs -
Cfn{yo = sign Z cos (‘z’ilnyLMO) == c H H exp [jg cos (qﬁm,n)] d¢
s=1gs=1 —o0 S ligg=1

—q oo 1 ~
= 7J /_w : j1as) Pas exp (j > pas ¢nm> T1 7vq, (©)ds

{pqs} {as} {as}

- —j [ 1
= Z exp (.7 Z pqs¢nm> 7]/; Ej{qs}pqs H Jpqs (€)d€ (D2)

{ras} {ast {as}

BMiMO
dqs

- o (5

{rqs {as}

Herein, 54,0 3 =323 - 32323 30 3030 30y, = X5 —ma  Xqay = Zin o and [,y =

P13 P2y QQp P13 P2y PQy  PlgP2g  PQg

s=1 s5=2 s=s
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571 Hq:,—l Then the MIMO'’s system response of the one-bit coding metasurface can be derived as

Z CMIMO exp [—jAnm (r;r’))]
Rn?n(r)Rn'm (rl)

exp [1 0, Pas B (rai ) = §A8m (ri7')) ]

ﬁMIMO (r, Pl% {qé

BMIMO .
Z exp | J Z Pas Pas {qqs} R"’"L(T)an (r’)
{ras} tas} men
(D3)
AMIMO (y ot £
{Pq } ( {pq\ })
. MI MIMO
5 o (5 ) ity .0 i
{as}
{ras} a4 AMIMO
{Pgey(r/{{ash
Now, the derivation of the MIMO’s system response of the one-bit coding metasurface is completed, i.e.,
Huernvo (rr'5{as}) = Ex o (7,15 {as})
leading term
(D4)

S Qs
N 5 NI (r 1 {0)) exp {jz S 4’}

{PqS}/{E{qs |Pgs |[=1&p ¢, 21y s=tas=1

perturbation terms

where E{\/IIMO (rov';{g:}) = BMIMO Zs—l qu,1 oxp (jdas ) AfISO (r,r’;q, s). In addition, the operator Z{p }/{
as

is defined similar to that of Eq .C4.
Discussion 1. Derivation of B{I{VI[)IM}O for the double-input double output case.
qs

S (qs]IPas [=1&pq,

Here, we briefly discuss the calculation of BJILV”M} for a special case of S = 2 and Q1 = @1 = 1. In this case, the closed-form
Pgs

solution of can obtained:

BMIMO
P
0,
p1 + p2 is even

Ziratpatl) (22, sin[(r1—p2) §]
p1+p2 ™ P1—P2

BMIMO _ —jprFrath) /+°° Ipy (f);pz(f) de

{ras} T
,P1 + p2 is odd

2
and By''MO = 2 [0 10(€)J1(€)dE = (2)*.
Discussion 2. Parasitic radiation beams of the one-bit coding metasurface
We provide some insights into the parasitic radiation beams when multlplc sources and multiple intended receivers are deployed
in the far-field region of the one-bit coding metasurface. Similarly, we treat 3°5_, 222::1 Pas Am,n (Pg;7s) — Apm (757") as follows:

S Qs
k z 2
5 32 st = b i) = (10205250 (24 2) )2,
s=lgs—1 Z s=lgg—1 Zs  Zq
sMIMO
k z z
+- et Z Z Pas | —pPsz + —pgz ) | nda
z s=1qs=1 Zs Zq (D5)
pMIMO
k d z MIMO
+ =Py +2Z 7P Z Z Pas (*Psy + *qu) mdy + kE :
z z = Zs 2q
pMIMO

02 2 2
Herein, eMIMO = p(z,4+24) — (' +2) + 5, 2%71 Pygs (223 + ) - (g;, + Sz)- Then, the closed-form solution of

2z(1
AK);]SM}O (7-7 r’, {qs}) can be derived as:

MIMO

{p‘Zs} ('I‘, T/) =

; s Q
exp (J [ s=1 Eq:zlp qsAm,n(rq;rs)fAmm,(r;r’)]
Rom (7')an (7'/)

m,n
MIMO\? MIMo\? (D6)
™ k2 (o + by eMIMO
=~ —  ———exp | —— exp (] € ) .
MIMO MIMO
a+ kﬁi 472 o+ ﬁT

From the above expression, we note that the parasitic radiation beams can be observed at (pz ({Pqs}), Py ({Pqs}),2), where

po (pac ) = S5, S0 pa (Zpew + Z a0 ) — Z040 and py ({pa.}) = S5, 28, pay (Z 000 + Zpa) — Z0),

Page 24 of 30

#-1}



Page 25 of 30

oNOYTULT D WN =

SCIENCE CHINA Information Sciences

Shuang Y, et al. Sci China Inf Sci 10

Discussion 3.Far-field solution of Eq. D4

We study the system response ﬁMIMO when the source and intended receivers are in the far-field region of the metasurface.

Similar to the SIMO case discussed in Appendix C, we deal with A%?}”O (r,r",{gs}) as follows

exp []k qu Pqs (rqs +7s) — jk ((7,. + 7,_/)):|

rr!

Ay (rr'i ) s) =

X Z exp |:_jk7'7n,n . qus ('i'q + ';'a) +jk7'771,n . ('f' + ';'/):|

m,n qs

(D7)
exp [jk 2qs Pas (rg +1s) — ((T"'T/))}

’

~ —

rr

1 1
X Ly sine ( GRLLEY1M (0.) ) sine (0L, (a.)))

EI\/IIMO MIMO

Herein, and 7 are defined as:

§MIMO ({pqs }) = sin(a) cos(B) + sin (o/) cos (,8/)
— > pqs [sin (ag,) cos (Bg,) + sin (es) cos (85)]

as
'qMIMO ({pqs }) = sin(«) sin(B) + sin (a/) sin (,6/)
— > pas [sin (ag,) sin (Bg, ) + sin (o) sin (8)] .

qs

From Eq. D7, the parasitic radiation beam is observed when the vector of qu Pes (Pq +7s)+ 7+ 7' is perpendicular to the
normal of the one-bit coding metasurface.

Appendix E Derivation of Eq. 9

We here detail the derivation of Eq. 9 in the main text. In terms of the definition of statistical coherence, we arrive at

<7QSIMO (r:), Hsimo (r5)) = |Bol? Z Z Aq (ri) Ay () (exp (§ (dq — dgq’))

q=14/=1
+ Bo Z Ag(r) > E , () <eXP [mq - Z pqq/qﬁqz} >
Pi1Q q'=1
E1l
Q Q (E1)
D WHSID SRR CHED oE e
q=1 Pi:1—Q Fi} qq’=1
Q
FY S By 0By oo (e |53 (- #) o)
Pi:l—Q p 1-Q q=1
Taking the following identical equations into account, namely,
(exp (4 (dq — ¢q/))> =0bq—q’>
Q Q
<‘3XP 3D Pyrby —ide > =0pg-1-nmy |1 Opyr—nMy
q'=1 a'=1,q9/%#q
(o ] )= oo
=1 q=1
we can rewrite Eq. E1 as:
Q
<H51Mo (ri), Hsimo ("'j)> =1[Bo|* > Aq (ri) A} (r5)
q=1
Q
+Bo Y Ag(r) Y Bl gy (13)
g=1 "i:lQ/n
(E2)

Q
+B5 YA () D B,y (ro)
g=1 ni:15Q/"q

Q

+ Z Z E{pi}(m’)EEP;} (Tj)gépq7p377Lqu

Pi:l—Q pj:l—Q
Herein, we have introduced the following notation

N+1/Mg

ni:15Q/"q ni=—N, _ —Nng=—N+1/Mgngy1=—N n -
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We here consider a more realistic scenario that two receivers are well separated in terms of the Rayleigh limit, i.e., |[A4 (7;)] = 0
for i # q. Then, Eq. E2 reads:

<’HszMO (7)), Hsramo (7‘;)> ~BoAi(ri) Y E{M (r5)
ni:l—-Q

+B§A; (r5) Z E{Mz‘”i} (ri), fori#j

ni1-5Q/nq

<ﬁSIAlO (7)), Hsimo (7‘1)> = |BoAo|® + BoA; (1) Z EEMW%} (r5)
ni:1»Q/ng
+BgAT(r) Y By (i)
ni:1—5Q/nq

Now, the derivation of Eq. 10 in the main text is completed.

Appendix F Derivation of Eq. 10

We provide briefly the derivation of Eq. 10 in the main text. Along the same line as that in Appendix E, we can arrive at the

expressions of ;J,SIMO and USIMO

pSMe — <ﬁSIMO (ru,rs; {q}, S)>

Q (F1)
= Ao Boexp (jgi) + By, (ri)exp[ipids] [[  Opg—nmrg
Pi:l1—Q i q=1,q#i

UEIMO = <|7—A£SIMO (rusrs; {q},s) — <7'ALSIMO (P, s {q}’s)>‘2>

2 Q 2 2 (Fz)
=1Bol® D oA (r))® + x ({My}),
q=1,q#i
in which,
Q
— * . ’
x({Mg})= > > Efpy (ri) Bryry (73) exp [3 (pi —p}) ¢:] T1 Opg—pl,—n Mg
[pmar, } Ph/mMe} a=1
Pi/nM; i i
o (F3)
< D> /Z ‘E{pi} (r:) Ery (r4) li[l%qujanq
{pi/n]\/li} {pf/nm;} =
wherein
P P P P P
! M, p1=—FP, pg—1=—P,pg_1#nM,;_1 pq=—PFPp =—P,p #nM, po=—P.
{p}/nM;} vty a—1 q—1 a—17q g+l at1 a+1 pQQ#MQ

Appendix G Discussions on Fig. 3

In Fig.H1(a) and H2(c), we report the dependence of Apsiso (rq) on 74 for QPSK (M, = 4) with the incident source deployed
at (0,0,2 m) and (0,1.15 m, 2 m), respectively. We note that the source is deployed in the near-field region of the metasurface.
Correspondingly, the dependences of ECS15C on T4 are also provided in Fig. H1(b) and H2(d), respectively. It can be observed
from this set of results that the one-bit coding metasurface has the ability to perform the QPSK information encoding with high
fidelity within the whole observation region.

We next examine the ability of the one-bit coding metasurface to perform PSK information encoding by varying its scale. Figure
H2 shows the results for the case of 16-level PSK, where the simulation setup is the same as that in Fig. 3c in the main text. More
specifically, Figs. H2(b-d) present the dependence of the half-power-beam-width (HPBW), the beam scanning error, and the ratio
of the leading term to the perturbation terms of the radiation beam on the metasurface size for four selected locations r, marked
with (1) (2) (3) and (4) in Fig. H2(a). From this set of figures, we observe that the performance of the one-bit coding metasurface
in manipulating the beam and associated information can be efficiently improved by increasing the aperture of metasurface.

Appendix H Bit error analysis

We give the analysis on bit error rate (BER) for the one-bit coding metasurface. For discussion convenience, several notations are
introduced. With loss of generality, we consider the wireless channel for transferring digital information with M-level phase shift
key (MPSK) modulation, and use the Bayesian decision rule for information retrieval. With reference to Supplementary Figure
S1, for the i th information symbol, the intended phase is p;, the biased mean phase is 0; due to the one-bit quantization of the
coding metasurface, and the total noise level (the conventional system noise plus the one-bit-quantization noise) is (7 . Then, BER
in total reads

M romi/M 1 — 0, — ;)2
BER=1-) / exp —M dz (H1)
= Jar(i-1y/m V270 207
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Figure H1 QPSK with the one-bit coding metasurface in SISO when the source is deployed in the near-field region of the
33 metasurface. a,c. Dependence of phase resolution Aggiso on the receiver’s location r4. Considered receiver locations are within
34 a distance between 0 and 20 m from the metasurface for azimuth between —60° and 60°. The insets provide representative
constellation diagrams. Different levels of PSK and source locations are considered, as indicated in the subfigure titles. The source
is deployed at (0,0,2 m) in a, while (0,1.3 m,2 m) in ¢. b,d. Dependence of EC®SO on 74 for the same settings as in a and c.

Figure 7 in the main text shows the dependence of BER on M with system SNR of 20 dB, where the source and receiver are

38 deployed in the near-field region of the one-bit coding metasurface. As a compliment, we consider the performance of the one-bit
39 coding metasurface when the source and receiver are in its far-field region. Figure A6 compares BERs of the one-bit and continuous
40 coding metasurfaces as a function of phase quantization levels in the SISO setting, where the source and receiver are located at
o (0,0,1 km) and (0,0,2 km), respectively. Fig. H3(a) shows the dependence of BER on the phase quantization level M in a
system with SNR of 20 dB, while Figs.H3(b) and H3(c) report the constellation diagrams of four-level PSK information phase
42 quantization levels for the continuous and one-bit coding metasurfaces, respectively. The axes are normalized by BgIMO . The
43 red-marked and black-marked stars of the constellation diagrams in b and ¢ correspond to the system-noise-free case. Notice that
the M-PSK (M > 2) digital information is degraded to 2-PSK when the one-bit coding metasurface is used. That is to say, the
44 one-bit coding metasurface fails to manipulate the EM information with high-order PSK when the receiver and source are in the
45 blind district.
46
47 Appendix I Discussions about non-ideal one-bit quantization of programmable coding
48 metasurfaces
49 We discuss the system response of the coding metasurface with non-ideal one-bit quantization. Particularly, when the meta-atom
50 is illuminated by a plane wave, its binary response states read:
51
Aye?®+, for state ‘1’
32 Fay=3 (11)
53 A_e’?— | for state 0’
54
55 1, >0
56 where 0 < Ay, A_ < 1,and 0 < ¢4+, ¢d— < 2m. Recall the step function denoted by u(z) = %, z = 0,, then the above piece-wise
0 <0

function is expressed as:
58 fle) = Ay +u(e) + A_e? P u(—x) (12)
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Figure H2 16-level PSK with a one-bit coding metasurface in SISO, where the source is deployed at (0, 0, 2km). a. Dependence
of phase resolution Apsigo on the receiver’s location r4. Considered receiver locations are within a distance between 0 and 20 m
from the metasurface for azimuth between —60° and 60°. b-d. Dependence of HPBW, beam scanning error, and ratio of the
leading term to the perturbation terms of the radiation beam on the metasurface size for four locations r; marked with (1) (2) (3)
and (4) in Fig. H2(a), respectively.

Immediately, Eq. I2 can be further expressed as

<A+ej¢++A_ej¢_) <A+ej¢+—A_ej¢—)e—jw/2 |
Fa) = + [T e g

2 27
(I3)

+
~ =i [ exp(ja€)
n + ™ /;oo 13 i

It is clear that we have established a simple relation of the responses between the ideal one-bit meta-atom and non-ideal meta-
atom. As a result, for the non-ideal one-bit coding metasurface, its control coding patterns for SISO, SIMO and MIMO can be

derived as:
-id
cnon eal SISO _ o +71Cff,50’ (14a)
-ideal
cnon eal,SIMO _ ’chifi/[o: (I4b)
C:;TZ;:;ideal,MIMO = +71C11:L/I,€LMO' (T4c)

For SISO, SIMO and MIMO, the system responses of the coding metasurface with the non-ideal one-bit quantization can be readily
derived as:

exp [—jkApm (r;1))]
Ry (1) Rpym (')

P [—jkAnm (r; r’)}

Ry (1) Rpm (')

+ y1Hs1s0 (r,x'5q,8), (I5a)

A (rr'ia,s) =20 3
m,n

—~ 5 ex —~
Hetio ' (r,r'i{a},s) =0 D +nHsivo (r.r'5{q},s), (I5b)

m,n

Page 28 of 30



Page 29 of 30

oNOYTULT D WN =

SCIENCE CHINA Information Sciences

Shuang Y, et al. Sci China Inf Sci 14

—@®— One-bit |
= = = Continuous

0.6

BER

0.4

0.2

1 2 ri 4%, 5 6
Quantization level in phase (M)

c -

al

=

Quadrature

-1 0 1 -1 0 1
In-phase

Figure H3 BER comparison of the one-bit and continuous metasurfaces in the SISO setting. a. Dependence of BER on the phase
quantization level M in a system with SNR of 20 dB, in which the receiver and source are in the ”blind district” of the metasurface.
The solid and dashed lines represent the cases of continuous and one-bit coding metasurfaces. b,c. Constellation diagrams of the
4-PSK phase quantization levels for the continuous and one-bit coding metasurfaces, respectively. The axes are normalized by
B&IMO . The red-marked and black-marked stars of the constellation diagrams in b and ¢ correspond to the system-noise-free case.

exp [—jAnm (r; r’))]

ﬁnorkidcal
Rpm (7') Rynm (rl)

MIMO

+ v Huivo (r, r'; {gs}) - (I5¢)

(I‘, I'/; {Qb}) =70 Z

exp[—jAnm (rir’))]
Rpm (1) Rnm (¢')
serves as a perfectly planar reflection mirror. To see it more clearly, we consider the far-field approximation

We note that the term > characterizes exactly the conventional Snell’s reflection, where the metasurface

m,n

exp [7jkAnm (r; r'))} ~ exp (7jk ('r‘ + 7")

) Z exp [jkTm,n - (7 + 7))

foged Rym (r)Rpm, (r7) rr! = (16)
where the following far-field approximation is used:
Apn (r;r’) =k ({r’ — r,,,,yn| + |r - rm1n|) ~k (r +r = Tmon ('i‘ + 'f"))
Now, it is clear that the term of > o[k Anm (rir')] has a single radiation peak as # = —#/, i.e., the receiver is located in the

Mon Ry (1) Rpm, (2')
mirror direction of the source with respect to the normal direction of metasurface. That is to say, the non-ideal one-bit quantization
will give rise to the radiation leakage in the mirror direction of the source with respect to the metasurface normal.

Figure H4 shows the dependence of the beam’s intensity on the choice of (I', Af) in SISO, where the source is deployed at

the location of (0,0,2 m), and the map has been normalized with its maximum. Here, I' and A@ are defined as: I' = |A4|/|A_|,
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Figure H4 Figure A7. Dependence of the beam’s intensity on the choice of (I', A#) in SISO. The left: the dependence of beam’s
intensity on the choice of (I', A#@), in which the map has been normalized with its maximum. The right: spatial maps of |ﬁgc}rgglcal
for four selected cases (A: T' =1, A0 =0;B: T =1,A0=m;C: T =0,A0 =m;D: ' =0,A0 = 7) marked in the left figure, in
which the source is located at (0,0,2 m) and the observation plane is at the distance of 3 m away from the metasurface.

and Af = ¢4 — ¢_. In addition, we make the assumptions that |A_| = 1 and ¢_ = 0. The spatial maps of ’ﬁg‘}l’s'geal ’ for four

representative cases marked in the left of Fig. H4 are shown in the right of Fig. H4. We clearly observe that the one-bit coding
metasurface is robust to the non-ideal meta-atoms, in spite of some degraded performance more or less.



