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1. Far-field energy of 1-bit frequency coding metamaterials
We use the reflected electric field on the metamaterial E(x) to calculate the far-field energy, as
illustrated in Supporting Figure S1. Then the reflected energy by the metamaterial sample in the

far distance is obtained as

E(r) :J'E(x)ej“’t xe 7 dx (16)
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Supporting Figure S1. Schematic to calculate far-field energy of 1-bit frequency coding

metamaterial.

The distance r between points Q and S can be rewritten as
r=r,—xsing (17)
since r is much larger than x. Here, rqis the distance of observation point Q to the origin point,

and 6 is the angle between the observation point to the z axis, as shown in Supporting Figure S1.

Hence E(r) is expressed as
E(r)= I E(x)xe/” xe 7 dx =el* x e’j%r°J.(E(X) x &2 ) dx (18)

The phase distribution of 1-bit frequency coding metamaterial is 0, ¢, 0, ¢, 0, ¢ ... with N
periods. Thus E(x) is expressed as:

2N-1

E(x)= > E,xIT,[x—nD]xe' (19)
n=0

where E, is the magnitude of E(x), D is half length of a period, N is the number of periods, and

1 -D/2<x<D/2

0 others (20)

HD (X) :(

Then we denote
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A=el*txg 7t

(21)
P=-27z-sin@/ 1
Therefore, E(r) can be obtained as
E(r) = A.j(E(x)xe-iPX)dx
:A-J.{Zil E, x [T, [x—nD]xe V' g P yqx
-
=N-D'A‘onsinc(P—zD)x(1+e"“’) 22)

When 6 =0, we have P=-2z x sin 6,/=0, and the corresponding far filed energy at angle 6=0 is
proportional to

|E(r) = N°D*A’E? x (L +€'7)? (23)
where N°D?AE? is unchanged for a given sample. Hence the expression shows that the far-field
energy at the angle #=0 is proportional to E?|1+e!’|>and ¢ is calculated from Equations (3), (5)
and (6) in the main text as:

o=Trl9-[T719+(—x/45)x(f - f,)]=272/9x(f - f,) (22)

which increases from 0 to « as the frequency increases from 6 to 10.5GHz. As a consequence,
the far-field energy at angle =0 should approach zero when the frequency is close to

f,=10.5GHz because E2|1+e"]® is approaching zero when the frequency is close to f;=10.5GHz.

2. Non-periodic frequency sweeping metamaterials

The phase responses for 2-bit frequency coding units are

' I
fyoo-co 7
o(f) 5

oo (T T
w(f)oc’mz?—g(f—fo)

oo (7T 21
f 00-10 ~__ 2 .I:_f
o(f) 7 g (f 1)
ooy (7 31
p(f)™ ™ z——?(f—fo) (23)
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Once the phase expressions are obtained, the phase differences of adjacent unit cells are

calculated as

7_7[7[

P (1) <[ - fo)]—%=—g(f ~ 1)

T 2r T &«

o(F)™ 7 =)™ <[ = (F = Rl — g (F = fll= =0 (f — )

1T 3rm T 2rx
SELILI S J A [ Al
s (f =1l [9 5

P(F)=H ()25 5] (f = f)]=-3(f - ) (24
Note that phase differences between adjacent unit cells are the same and linearly proportional to
the change of frequency f - f, in the operational band. From the generalized Snell’s law, the

deflected angle 6 of the anomalous reflection beam is given by

. A d
0, = Sml[Z.d_f] (25)
d '00-01" _'00-00°
Since -2 ~? 4 for approximation, in which L is the length of the super unit cell,

dx L

and 1=10"%/f (c=3x10%m/s is the light speed in free space and the unit of f is GHz), the deflected

angel 6, is obtained as

6. = sin’l[i-d—(p]
27 dx

10° xc 2 (f )
27f © 0.006x3

~sin{

I}

25 f
—_sin 21—
sin [27( f)] 6)

Hence the reflection angle |6;| monotonically increases in the operational frequency band.



