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Supplementary Note 1: Meta-atom design and simulation performances
As illustrated in Fig. S1a, the meta-atom consists of a three-layer structure, with a middle F4B substrate (=3.0 =0.0015) sandwiched between the top and bottom copper layers. The top layer integrates four chip capacitors (0.1 pF, marked in dark blue) and four varactor diodes (SMV-2019, Skyworks, Inc., marked in red) that bridge adjacent metallic strips. By applying various reverse biasing voltages to the varactor diodes, the reflection phase of the meta-atom can be continuously tuned. Additionally, 16 metallic vias connect the top and bottom layers to extend the reflection phase range. The meta-atom’s overall dimensions are 5 mm in thickness, 24 mm in length, and 12 mm in width.

[image: ]
[bookmark: _Hlk174974260]Fig. S1. Outlines of the designed meta-atom and its simulated reflection phases and amplitudes under various reverse biasing voltages. (a) The outlines of the meta-atom.  mm;  mm;  mm;  mm;  mm;  mm. (b) The reflectivity phasor diagram of the meta-atom under a linearly increasing bias voltage (counterclockwise) at frequencies of 4.12 GHz and 4.25 GHz, respectively

Full-wave simulations for the meta-atom are conducted using the commercial software, CST Microwave Studio 2016. The reflectivity phasor diagram of the meta-atom under a linearly increasing bias voltage (counterclockwise) at 4.12 GHz and 4.25 GHz, as shown in Fig. S1b, reveals that the reflection phase range exceeds 2π.

Supplementary Note 2: Beamforming at the harmonic frequencies of 4.1201 and 4.1202 GHz
The harmonic scattering patterns are measured in a microwave anechoic chamber. A horn antenna operating in the C-band is the excitation source, connected to a microwave signal generator (Keysight E8267D) that produces a monochromatic signal at 4.12 GHz. The metasurface and the feeding antenna are mounted on a turntable capable of automatic 360° rotation in the horizontal plane. On the receiving end, another horn antenna captures the scattered signals, which are recorded using a vector network analyzer. 

[image: ]
Fig. S2. Beamforming achieved by the STC metasurface at the 1st-order harmonic. (a-b) For a modulation frequency of 200 kHz: (a) The measured main lobe is at -20°; (b) The measured main lobe is at 30°. (c-d) For a modulation frequency of 100 kHz: (c) The measured main lobe is at 10°; (d) The measured main lobe is at -40°. The harmonic phase distributions that account for the scattering phenomena are presented along with the patterns

[bookmark: OLE_LINK2][bookmark: OLE_LINK3]We use an STC metasurface prototype with eight meta-columns and interelement spacing of 24 mm to implement the beamforming at the 1st-order harmonic. It is controlled by the temporal modulation under the incident frequency of 4.12 GHz. Firstly, the modulation frequency is defined as 200 kHz, so the operational frequency is 4.1202 GHz. The desired angles of the main beams are -20° and 30°, respectively. According to Eq. (1) in the main text, the phase distributions should be {0, -0.71, -1.42, -2.13, -2.83, -3.54, -4.25, -4.96} (rad) and {0, 1.04, 2.07, 3.11, 4.14, 5.18, 6.21, 7.25} (rad), respectively, as shown in the figures. The corresponding phase gradients can be realized by introducing proper time shifts to the coding waveforms. Specifically, the coding waveform used can be given by
	
	,
	(S1)


in which  denotes the remainder of  and  is the phase slope. According to ref. S1, when , the incident frequency will be perfectly shifted to the 1st-order harmonic. As shown in Figs. S2a and S2b, the scattering beams at 4.1202 GHz are steered to -20° and 30°, respectively.
Subsequently, the modulation frequency is defined as 100 kHz, so the operational frequency is 4.1201 GHz. The desired angles of the main beams are 10° and -40°, respectively. Accordingly, the phase distributions are {0, 0.36, 0.72, 1.08, 1.44, 1.8, 2.16, 2.52} (rad) and {0, -1.33, -2.66, -3.99, -5.32, -6.66, -7.99, -9.32} (rad), respectively, as shown in the figures. Figs. S2c and S2d illustrate the scattering beams at 4.1201 GHz being steered to angles of 10° and -40°. It is evident that the measured results (dotted lines) agree with the simulations (solid lines), as illustrated in Fig. S2.


Supplementary Note 3: Fundamental principle of frequency-modulated continuous wave (FMCW) radar 
The FMCW radar’sS2 transmitting signal, known as the chirp signal, can be given by
	
	,
	(S2)


in which  represents the carrier frequency,  and  denote the duration and bandwidth of the chirp, respectively, and  is described as
	
	.
	(S3)


Then, a target echo can be given by
	
	,
	(S4)


where  reflects the scattering characteristic of the nth target, while  is the round-trip time of the target, that is
	
	,
	(S5)


in which  represents the distance from the radar to the target.  accounts for the velocity of the target.  denotes the kth chirp signal in one coherent processing interval (CPI).  represents the interval between two adjacent chirps.  can be called the slow time. Accordingly,  is the fast time. Assume .  is the light speed in free space.
	Suppose that the systemic reference range is . Thus, the reference signal can be written as
	
	.
	(S6)


Then, the dechirp processing is performed at the receiving end, which can be expressed mathematically as follows
	
	,
	(S7)


in which  means a conjugate operation.  can be expanded as
	
	,
	(S8)


in which  represents the signal amplitude after the dechirp processing. . For the sake of simplicity, we have assumed that the residual video phase has been disregarded. From Eq. (S8),  is a single-tone signal with the frequency of  and the phase of . According to Ref. S1,  and  of the target can be acquired by performing a two-dimensional Fast Fourier Transform with respect to fast and slow time.


Supplementary Note 4: Radar echo simulator
The user interface of the radar echo simulator is shown in Fig. S3. This simulator allows for the integration of user-defined spatiotemporal data for multiple targets into the transmitted signals, which are then emitted as echo signals into the surrounding environment.
[image: ]
Fig. S3. The user interface of the radar echo simulator
[bookmark: _GoBack]
	To validate the reliability of the radar echo simulator, we employ a conventional FMCW radar with a chirp signal bandwidth of 1 MHz to receive the echoes generated by the simulator. Three scenarios are tested using the radar echo simulator: (1) a single target at 1 km with a velocity of 0 m/s; (2) two targets at 1 km and 2 km, both with velocities of 0 m/s; (3) a single moving target at 1 km with a velocity of 10 m/s. The measured results are presented in Fig. S4. The radar successfully detects and measures the targets within the range resolution generated by the radar echo simulator, demonstrating that the simulator is a suitable tool for testing the performance of the metasurface-based radar system.
[image: ]
Fig. S4. The measured results of targets defined by the radar echo simulator. (a) Setting: (1 km, 0 m/s); measured: (1.02 km, 0.03 m/s). (b) Setting: (1 km, 0 m/s), (2 km, 0 m/s), measured: (1.04 km, 0.03 m/s), (2 km, 0.1 m/s). (c) Setting: (1 km, 10 m/s), measured: (1.01 km, 10.04 m/s)
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