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Supplementary Note 1: The meta-atom design of metasurface 
As shown in Supplementary Fig. S1, the period is 15mm (4.75). Each meta-atom is composed of four metal layers separated by three substrate layers and bonded by two films. The metal layers from top to bottom are radiating layer, ground layer, bias layer and receiving layer. The radiating and receiving layer are almost the same, both H-shaped slots, except the varactor diode position. The ground layer is a cross with high transmission efficiency that extends to the edge, reducing the number of extra lines and joining the ground of all the units together. The bias layer consists of two crescence-shaped metal plates and a metal strip with the same length as the period to connect all the units in the y direction without additional cable power needed. The top and bottom layers of the H-shaped horizontal bar are equipped with a varactor diode (SMV2019-079LF), but placed in the opposite direction. The two ends of two varactor diodes are connected to the ground layer and the bias layer through asymmetric metallized via-holes on the same horizontal line. The three substrate layers are all composed of F4B with a dielectric constant of 3.5 and a loss tangent of 0.003 while the thickness is 0.5mm for the substrate layer that separates the ground layer from the bias layer and 2mm for the other two substrate layers. The detailed size information is shown in Table 1.
[image: ]
[image: ]

[image: ]
Fig. S1: Detailed dimensional specification of the designed meta-atom. (a) The top layer. (b) The ground layer. (c) The bias layer. (d) The bottom layer.


Supplementary Note 2: The fabrication of metasurface sample
A total of 800 units make up the metasurface (), 40 in the x direction and 20 in the y direction. The tunable metasurface is integrated with 1600 varactor diodes with two varactor diodes per unit, which can be controlled independently by control board (Supplementary Note 4). Considering the interference with the transmission of wave, the power supply of the metasurface is designed at the bottom. For the sake of more firm support for the metasurface without affecting the propagation of electromagnetic waves, a base consisting of acrylic sheets is employed to hold the metasurface and place it on the turntable.


Supplementary Note 3: The elaboration of phase pattern for DOA estimation and field intensity distribution
Each unit of the metasurface is separately regulated in the x direction and in the y direction, so the phase distribution is one-dimensional. We detect the direction of incoming wave according to the amplitude difference of transmitted wave and do not require the realization of specific functional phase distribution. The phase distribution in the experiment is 24 randomly selected phase distribution.
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Fig. S2: Phase patterns in the experiment. (a-r) The phase changes sharply and the elements within a certain range remain unchanged. (s-x) In the x direction, the phase increases or decreases gradually.


Supplementary Note 4: Voltage control module and MCU part
The working voltage of the varactor diodes is from 0 to 19 volts. We use STM32 as a microprocessor, outputting instructions to the digital-to-analog converter (DAC) to output the desired voltage. DAC8718, a low-power, octal, 16-bit and serial-input DAC chip, can output a unipolar 0V to +30V voltage when operating from a +30.5V (or higher) power supply. STM32 communicates with DAC8718 through the serial SPI protocol, which belongs to one-to-many control and simplifies the complexity of hardware. We integrate 8 pieces of DAC8718 on the voltage control board, each piece can output 8 channels of voltage independently, so the control board has 64 channels of independent voltage output IO port. The voltage control board uses 24V DC power supply, and supplies power to DAC8718 and STM32 through the 5V step-down module. The output of the 32V step-up module is used as the reference voltage of DAC8718. The DAC8718 operates at a frequency of up to 50 MHz, promising extremely small voltage switching cycles. The clock frequency of the STM32 is 72MHz, which guarantees excellent running speed.
[image: ]
Fig. S3: Front and back sides of the control board. Placing the chip and module on both sides not only saves space, but also enhances heat dissipation and improves performance. (a) The front of the control board contains an MCU(STM32), a 24V step-down 5V module and a 24V step-up 32V booster module. (b) There are 8 DAC8718 in the back as bias voltage output.


Supplementary Note 5: Random forest ensemble-learning method
In learning process, under the bootstrap sampling principle, RF will create  new groups of training data randomly selected from  with replication allowed for independent learning of  decision trees. For example, , , where  and  are integers  and some data sets are repeatable (e.g.,  appears twice in ) while some does not exist, such that increases the diversity of the data set. The training data will traverse from the first node of the decision tree to the last leaf node, and there will be an output after each leaf node, . Each set of data put into our model contains the transmitted wave field intensities corresponding to the 24 phase patterns of metasurface. That means, each  owns 24 different amplitude data, , where  indicates the phase pattern and means th data item of . The value of  can be artificially set to NaN. One third (8/24) of the values in a set of data will be given NaN. The locations of NaNs determine the difference in data. For example, for angle ,, where and  are two different sets of data, although they differ by only one element (the first one). Thus, for angle , the input data that can represent it is changed from one set to two sets, so the data is also expanded.  is the collection of all data for machine learning.
And in the prediction, RF will generate data sets according to the number of decision trees, so that each decision tree will generate a predicted value. And the final output  is the average of all the predicted values.


Supplementary Note 6: The variation of transmitted wave intensities in phase patterns
Under the 24 phase patterns, the variation trend of transmitted wave field intensity is consistent with the incident angle from  to .
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Fig. S4: Variation of transmitted wave field intensity in different patterns


Supplementary Note 7: The discussion on the performance of random forest method
[bookmark: _GoBack][bookmark: _Hlk81579044]There are two training strategies. The difference between them is whether the training samples are taken randomly. The first one is even selection. In the actual construction of the training set, field intensity data under 24 phase patterns are input, among which the positions of 8 sets of NaN are sampled at random. 20 different NaN position distributions are chosen for each angle in the training set. The final training set size is  pieces of data, corresponding to 121 angles. To evaluate the performance of universality and reliability of detection as thoroughly as possible, all the experiment angles data will be applied to testing too. Similarly, each  is in correspondence with 20 NaN position distributions by random selection, so the test set is made up of  pieces of data. The NaN position distributions of training set and test set are independent of each other. During the training, we divide 30% of the data as a validation set, and the NaN distributions of the validation set are different from those in the training set. Compared to , the accuracy only rises to 93% in , implying that most of the prediction error is confined to . 
In the random selection training, the training set consists of randomly selected data in a certain proportion. In , compared with the previous training method, the accuracy of the test set increases from 66.5% to 82.5%. For the other two criteria, accuracy is more than 95%, which is the embodiment of extremely high accuracy. 

image5.jpeg
¥ direction

g . h
0

i
k
.

8 32
i

-

o

o R
iin

ol

005

¥ direction

005

01

02 01 0
X direction

ol

005

¥ direetion

005

01

o1

02

a2

01

01

0
x direction

0
X direction

o1

o1

I Ih2
02




image6.jpeg
y direetion

¥ direction

I I Ilm
02 01 0 o1 02

x direction

I I IM
ar
02 01 0 ol 02

x direction

¥ direction

¥ direction

o1

005

0

005

01

o1

005

0

005

01

02 01 0 ol 02

X direction
02 01 0 ol 02
X direction

” )
3
£
a2 =
ar
02 01 0 ol 02
X direction
VM .I
2
02 01 0 ol 02
X direction




image7.jpeg
¥ direction

¥ direetion

005

005

01

005

01

02

2

0
x direction

"!m
ar
o1 0 o1 02

x direction

¥ dircetion

w

¥ dircetion

0

o1

005

I !m
I I 2
02 01 0 ol 02

X direction

m !M2
2
02

02 01 0 ol

¥ direction

o1

008

005

01

01

01

0 o1
x direction

0o o1
X direction

2




image8.jpeg




image9.jpeg
6. LM AFHEDAR, ARG EE T s21

s21

. " o
spL b 210 7210
B 5 5

5 s
s

4 4

H 2 i

3 3
2| 5 2
I ! 1
0 o o
%o w0 w0 n w0 w %o w0 w0 w @ w T T A I

Incidence le(*) Incidencs angleC) [
” ” &

L0 L0 L0
o e .
s B 5
4 s 4
3 9, EN
2 2 2
! I !
o o o
B R I R R B T I I

Incidence angle(?)

Incidence angle(”)

Incidence angle(")




image10.jpeg
—

6.9 Hds . AR,

XERIAN N A1 1 521

s o )
et § 210 T
I,
. s .
5 5 F
2 2 2
) ' |
0 0 P
e m 0w @ w W w om0 w @ w T N
Tncidence angle(*) Tncidence angle(*) Tncidence angle(°)
L xio? <10 L xio?
. l
5 5
4 s
i, i,
2 2 2
! ! '
0 0 0
W w0 W @ W a0 0w W w W w0 W w

Incidence angle(”)

Incidence angle(”)

Incidence angle(")




image11.jpeg
6.4 R [ AASAET,

10t

AR S T HS21

, e e,
o n., 0.
s s s
. i, s
3 Py )
B 2 B
. ! :
0
R I N I )
nidnce gl Toidence gl ncidnce gl
" 10 10
. q° r-
: s s
! i
: EN
2 2 2
! I |
. o 0
N D I e N

Incidence amgle(®)

Tncidence angle®)

Tncidence angle(®)




image12.jpeg
s21

6. IR : R MASTAET,

AR HLR A S22

. . )
T, pats T,
’ t. u.
5 : 5
4 _ 4
R 2
3 5
B g 2
1 ! 1
o 0 o
Woow 2w 0w W © oo w2 0w W @ W w0 w0 w0 w0 @
Tncidence angle(*) Tcidence angle() Tncidence anzl(®)
Prtiad 10 5 10*
¢ W ° X
s 5 s
4 4 _
B ER
3 3 ;
2 3 5
1 \ 2
o o 1
W 4 2 0w @ %o a0 0 0w w @ I I )

Incidence mgle(")’

Tncidence angle(*)

Incidence angle(")




image1.jpeg




image2.jpeg




image3.jpeg
Table 1. Parameters for the transmissive meta-atom in millimeters. Table 2. The effective circuit parameters for the

varactor diode SMV2019-079LF used in this design.

Parameter P I; I, wy wy gap t
value 15 63 6 1 1.7 0.6 0.035 Bias voltage(V) | C(107"%F) | R(®)
0 3213 4.594
-4 1.153 4235
Parameter h h, gl gw R, R, r, 1, T > P on
value 2 05 15 2 42 25 17 4 4 5 o o
-14 0.4007 3270
Parameter a by by b, b3 € Ryig_hote -16 0.3542 3.091
value 0.1 49 24 1 04 05 0.2 -19 0.3026 2.837
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