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S1. Design and performance of the AF-RIS element
[bookmark: _Hlk175933793]The detailed structure of the AF-RIS element is presented in Fig. S1. It comprises four main components: the top patch, the middle slot plane, the microstrip network, and the bottom ground. The top square patch with a width of 30.87 mm is etched on the FR4 substrate with a dielectric constant εr of 4.3 and a loss tangent tanδ of 0.025. The slot plane and the microstrip network are separated by the Rogers RO4350B substrate with a dielectric constant εr of 3.66 and a loss tangent tanδ of 0.0037. A ground plane, etched on the FR4 substrate, is positioned beneath the microstrip network to mitigate back radiation. The primary operational principle of the AF-RIS element is as follows: The top patch receives the EM wave and couples it into the microstrip network for frequency filtering, energy amplification, and phase adjustment. Then, the corresponding EM wave is recoupled through the slot plane to the patch for reradiation. 
For a better illustration of the working mechanism of AF-RIS, a detailed view of the slot plane and microstrip network is presented in Fig. S1(b). As demonstrated in Fig. S1(c), two hourglass-shaped slots are elaborately designed to facilitate energy coupling, enabling effective impedance matching between the patch and microstrip network over a broad frequency band. All the structural parameters of AF-RIS design are summarized in Table S1 for better demonstration. 
Specifically, the incident x-polarized EM wave is received by the top patch and coupled to the microstrip lines through the x-polarized slot. Then, the coupled EM wave is conveyed to the loaded filter and amplifier for signal filtering and enhancement. After that, the EM wave is guided through the phase-tuning structure, as depicted in Figs. S1(d) and (e). With the control of the PIN diodes in the 0°/90° phase shifter and 0°/180° switch, the EM wave can traverse different microstrip paths to achieve accurate 2-bit phase tuning. Finally, the EM wave is recoupled through the y-polarized slot and reradiated by the patch in the y-polarization.
To verify the validity of the proposed AF-RIS element, full wave simulations were conducted with CST MWS. As shown in Fig. S2(a), the insertion losses of the proposed 0°/90° phase shifter in two different states remain below 1 dB within 2.8 to 3.2 GHz, while exhibiting a phase shift ranging from 95° to 85°. The 0°/180° switch is realized based on a current inversion mechanism, wherein a 180° phase difference is achieved through a pair of oppositely arranged PIN diodes, ensuring a wide and stable phase tuning range. Thus, the AF-RIS element can achieve 2-bit phase tunning as depicted in Fig. S2(b). Additionally, the S parameters of the AF-RIS without the amplifier and filter are illustrated in Fig. S2(c). It is evident that the reflection coefficients of both ports (S11 and S22) at different phase states are maintained below -10 dB from 2.8 to 3.2 GHz, ensuring the broad operating band of AF-RIS. Furthermore, a high isolation of 30 dB is attained within the operating bandwidth (see the S21 curve in Fig. S2(c)), guaranteeing the stability of the amplifier. 
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Fig. S1. The structure of the AF-RIS element. (a) Exploded view of the proposed AF-RIS element. (b) Top view of the slot plane and the microstrip network. (c) Detailed view of the x-polarized and y-polarized slot. (d-e) Detailed view of 0°/90° phase shifter and 0°/180° switch.

The simulated reflection amplitude of the AF-RIS under normal incidence at four phase states is illustrated in Fig. S2(d). The reflection coefficients are denoted as Rx-y. The left and right parts of the subscripts divided by “-” in the notations represent the incident and reflection polarization directions, respectively. For comparison, the lossy RIS is considered here, where ports 1 and 2 are directly connected. The amplitude of the lossy RIS at the four phase states ranges from -6.3 to -3.8 dB within the 2.8 to 3.2 GHz range, indicating effective energy conversion from x-polarized waves to y-polarized waves. For the normal AF-RIS element, the filter (BFCN-3010+, Mini-Circuit Ltd.) and amplifier (LEE-39+, Mini-Circuit Ltd.) are integrated between ports 1 and 2 to realize frequency selectivity and energy enhancement. As demonstrated in Fig. S2(d), the reflection amplitude at each phase state exceeds 8 dB within 2.8 to 3.2 GHz, signifying much stronger energy in the reflected y-polarized EM waves compared to the incident x-polarized waves. In addition, the amplitude decreases to below -21 and -16 dB at 2.6 GHz and 3.4 GHz, respectively, leading to a great out-of-band rejection. Furthermore, it is noteworthy the AF-RIS element with the four different phase states exhibits similar performance, with only minor discrepancies in the amplitude response at each state.
In the design above, the polarization conversion ensures the high isolation between the input and output ports of the amplifier, which avoids the undesired oscillation. The integrated filter provides great bandpass response and out-of-band rejection. The elaborate design of the slot-coupled structure brings a wide operating band. Besides, the combination of 0°/90° phase shifter and 0°/180° switch provides the 2-bit phase tuning ability. Thus, the proposed AF-RIS element can achieve energy amplification, frequency selectivity, and 2-bit phase tuning in a wide band.

Table S1 
The structure parameters of the AF-RIS element.
	Parameters
	h1
	h2
	h3
	h4
	a1
	a2
	a3

	Values / mm
	1
	7.5
	0.762
	30
	6.4
	1.3
	8.0

	Parameters
	a4
	b1
	b2
	b3
	b4
	b5
	b6

	Values / mm
	0.9
	5.8
	12.1
	15.4
	5.7
	12.6
	17.5
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Fig. S2. Simulation results of the AF-RIS element. (a) Simulated transmission coefficients (S21) and phase shift of the 0°/90° phase shifter. (b) Reflection phase response of the AF-RIS element. (c) S parameters of the AF-RIS element at different phase states. (d) Reflection amplitude of the lossy RIS and AF-RIS element under normal incidence at four phase states.

S2. Simulation settings of the AF-RIS
To investigate the amplitude and phase response characteristics of the AF-RIS element, we employed the CST field-circuit co-simulation methodology. As illustrated in Fig. S3(a), several discrete ports were configured on the AF-RIS element for integrating amplifier circuit components and PIN diodes required for phase modulation structures. Periodic boundary conditions were established in the x axis and y axis of the structure, with dual Floquet ports oriented along the z-axis for forward and reverse excitations. First, the full-wave simulation was carried out in CST Microwave Studio to generate an n-port Touchstone file (SnP File) containing the scattering parameter matrix. It should be noted that the simulation incorporated four excitation ports corresponding to TE and TM polarizations in both forward and reverse directions. Subsequently, the obtained SnP file was imported into CST Circuit Studio for circuit-level simulation. As shown in Fig. S3(b), four ports in the circuit solver were connected to corresponding SnP file ports for excitation, while the remaining ports were interfaced with amplifier and phase-tuning circuits through component-level connections. 
To obtain the far-field results and electric field distribution of the AF-RIS, a 3D field simulation was performed in CST Microwave Studio. As illustrated in Fig. S3(c), a 4×8 AF-RIS array with corresponding lumped elements was constructed under the excitation of plane wave. In the simulation, the “open add space” boundary condition was applied along all three axes. Meanwhile, field monitors should be deployed during the simulation to capture corresponding field results. For comparison and to facilitate better understanding of the simulation methodology, the simulation settings of AF-RIS element and array are summarized in Table S2. 
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Fig. S3. Simulation configuration of the AF-RIS element and array. (a)-(b) Field-circuit cosimulation of the AF-RIS element (c) Field simulation of the AF-RIS array.
Table S2 
Simulation settings for AF-RIS element and array.
	Objects
	Simulator
	Boundary Condition
	Excitation Source
	Results Type

	AF-RIS element
	Field-circuit cosimulation
	Unit Cell
	Floquet Port
	S parameters

	AF-RIS array
	Field Simulation
	Open add space
	Plane Wave
	Field Results



S3. Design and performance of the filtering and amplifying circuit
The BFCN-3010+ filter and LEE-39+ amplifier are integrated into the AF-RIS subarray, as shown in Fig. 4(c). In our design, two kinds of filtering and amplifying circuits are considered, as shown in Figs. S4(a) and (b). To prevent coupling of the DC and RF signals, capacitors C1, C2, and C3 of 2200 pF are employed to block the DC signal on the RF path. Furthermore, capacitors C4 and C5 of 100 nF are utilized to bypass the RF signal on the DC path. Biasing resistors R2 and R3 of 243 Ω are used to establish an appropriate current for the amplifier. In the case of a single amplifier (see Fig. S4(a)), the LEE-39+ amplifier is cascaded with a 0 Ω resistor R1, and the measured gain of the circuit is displayed in Fig. S4(c). The circuit with one LEE-39+ amplifier could yield a gain of 11.2 dB to 14.1 dB within 2.8 to 3.2 GHz, which is 1.5 dB to 2 dB less than the simulation results from 2.9 GHz to 3.2 GHz. To realize more flexible control of the amplitude of the AF-RIS subarray, the circuit with two cascaded LEE-39+ amplifiers is fabricated (see Fig. S4(b)). To avoid oscillation, the control voltage of the first amplifier was normally set as 12 V, whereas that of the second amplifier was set to below 7 V. As shown in Fig. S4(d), the measured gain of the cascaded amplifiers ranged from -1.1 dB to 26.5 dB, with the control voltage of the second amplifier adjusted from 1.0 V to 7.0 V. The design of two cascaded amplifiers is finally adopted in the structure of the AF-RIS subarray, owing to the higher amplification and more flexible gain control.
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Fig. S4. Photos and gain performance of two filtering and amplifying circuits. (a), (c) illustrate the circuit with one amplifier and gain, respectively; (b), (d) showcase the circuit with two cascaded amplifiers and gain, respectively. 

S4. Power combining and dividing network design
The power dividing and combining networks share a similar structure, as depicted in Fig. S5. The design cascades 3-level T-junctions, where the first level circuit is inspired by the Wilkson power divider, ensuring effective port isolation. As shown in the figure, the upper power combining network is an equal 1-to-8 power combiner, while the lower power dividing network is a 1-to-8 tapered power divider. The design enables the AF-RIS to share the same amplifying and filtering circuit, which reduces the usage of filters and amplifiers.    
[image: ]
Fig. S5. Geometric details of the power dividing and combining network. R1=8.00, R2=8.90, W1=1.65, W2=1.35, W3=0.40, W4=0.99, W5=0.57, W6=0.94, W7=0.73, W8=0.89 (unit: mm).
S5. Analysis of the power consumption of AF-RIS and lossy RIS
The proposed AF-RIS array comprises four identical AF-RIS subarrays, and each subarray consists of eight elements and one filtering and amplifying circuit. Considering the scenario of maximum power consumption, each element requires 3 PIN diodes (MACOM, MADP- 000907) operating together with a voltage of 1.33 V and a current of 30mA (details of the forward voltage and current can be found in the datasheet of the PIN diodes). Thus, the maximum power consumption for each element is 39.9 mW. For the filtering and amplifying circuit, the first amplifier operates at 12 V with a current of 35 mA, and the second amplifier operates at 7 V with a current of 15 mA, with a total power consumption of 525 mW. In this case, the power consumption of the subarray is about 844 mW.
	For lossy RIS, as analyzed in the main text, it requires an area ten times larger than that of an AF-RIS to deliver the same amount of energy to the receiving end. Compared to the subarray of AF-RIS, eighty elements are needed in the lossy RIS with a total power consumption of 3192 mW. It is evident that the AF-RIS consumes less power than the lossy RIS while providing the same adequate signal power. 
S6. The amplifying and filtering performance of AF-RIS
Part of the amplitude response results of AF-RIS are shown in Figs. 4(e-h), exhibiting great signal amplification and wide-range tuning. Here, for additional clarification, the amplitude response results of AF-RIS at different directions with tunable reflection amplitude are presented in Fig. S6. The results indicate that when the control voltage is set at 7 V, the AF-RIS array can dynamically reflect the normal incident EM wave to the direction of 0°, 10°, 20°, and 30° with more than 15 dB energy enhancement, showcasing the remarkable beamforming and amplifying ability of the AF-RIS array. Furthermore, by adjusting the control voltage from 1 V to 7 V, the AF-RIS array can achieve more than 25 dB amplitude tuning of the reflection wave.
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Fig. S6. Measured reflection amplitudes of the AF-RIS array across a control voltage range of 1 V to 7 V at various steering angles. (a) Steering angle: 0°; (b) Steering angle: 10°; (c) Steering angle: 20°; (d) Steering angle: 30°. 
	In addition, as illustrated in Figs 4(c) and (d), two parameters, namely the Q factor and the rectangle coefficient K20dB, are utilized to quantitatively evaluate the filtering characteristics. In this context, a comprehensive elucidation of these two parameters is provided. Initially, the notion of BWndB is introduced, denoting the bandwidth within which the reflection amplitude is reduced by less than n dB from its peak value. The rectangle coefficient K20dB is determined by the ratio of BW20dB to BW3dB, whereas the Q factor is calculated as the ratio of the center frequency f0 to BW3dB. Fig. S7 illustrates the BW3dB and BW20dB values for AF-RIS under various steering angles and control voltages, with closely matched values indicating consistent filtering performance stability.
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Fig. S7. The BW3dB and BW20dB values of AF-RIS with different steering angles and control voltages. (Unit: GHz) (a) BW3dB; (b) BW20dB. 
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