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Metasurface-based terahertz (THz) modulators, which carry information by changing the spatial pattern of the metasurface at every symbol time, are an important component to establish low-cost low-energy–consuming THz communication systems. This paper proposes a differential spatial THz modulation (DSTM) scheme for metasurface-assisted THz communications. In DSTM, the metasurface pattern activation orders are employed to carry information, instead of the metasurface patterns themselves. In this way, the DSTM receiver can perform differential detection without knowing the metasurface response to incident THz signals and the channel state information. The proposed DSTM scheme is applicable to all kinds of metasurfaces enabling THz communications, including transmissive metasurfaces and reflective metasurfaces. For high-rate DSTM systems, we propose an efficient bits-to-activation-order mapping method and a low-complexity detection method. Simulations are conducted to demonstrate the performance of the proposed scheme. It is shown that the proposed scheme pays acceptable penalty compared to the non-differential modulation scheme with coherent detection, which needs to know the metasurface response to the incident signals as well as all the channel state information.
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1 INTRODUCTION
Recent growing needs in bandwidth have led to a proliferation of studies about terahertz (THz) communication (Dang et al., 2020). Specifically, THz frequency indicates the waves ranging from 0.1 to 10 THz leading to 3 mm to 30 μm wavelengths between the microwave and infrared regions (Sarieddeen et al., 2020). THz communication is expected to become the key technology for next-generation communication with high capacity and security, strong anti-interference ability, simple and compact hardware design brought by its high frequency, short wavelength, narrow beam, and good directivity. Much of the current literature on THz communication pays particular attention to modulation and demodulation technology, which is one of the promising ways to reduce complexity, cost, and geometry of THz systems greatly. Modulation and demodulation technology (Guo S. et al., 2019; Li et al., 2020a; Li et al., 2020b), acting as one of the promising ways to reduce complexity, cost, and geometry of wireless systems greatly, has gained momentum nowadays on THz communications. In recent years, many outstanding studies have been focused on improving the modulation speed, modulation depth, and bandwidth through various modulation approaches, such as optical electronic, photoelectric, thermal, and magnetic modulators.
1.1 Prior Works on THz Modulators
THz modulators can be roughly categorized into two types: internal modulators and external modulators. Internal modulators encode the information directly to the parameters of the THz waves (e.g., amplitude, phase), while external modulators are placed in front of the THz generator and carry the data by changing their status (e.g., the ON/OFF state, shape, pattern). Based on the employed materials, external modulators can be divided into two categories: non-programmable external modulators and programmable external modulators.
1.1.1 Internal Modulator
Internal modulators are widely adopted in macro-wave communication systems and millimeter-wave communication systems. Researchers have extended them to THz communication systems. Typical internal modulation schemes include conventional amplitude and phase modulation, pulse-based modulation, spatial modulation for multiple-antenna THz systems, or orthogonal frequency–division multiplexing (OFDM) for wideband communications. Yuan et al. (2019) proposed a hybrid THz multiple-input multiple-output (MIMO) OFDM scheme in adopting a normalized beam steering codebook search algorithm and a regularized channel inversion method to perform analog and digital beamforming, respectively. However, the efficiency of traditional OFDM is rendered by the resultant strict frequency synchronization and high peak-to-average power ratio, as well as the limitation of digital-to-analog conversions and analog-to-digital conversions (Hossain et al., 2019). The unique properties of the THz band including bandwidth abundance, non-overlapping, and equally spaced sub-windows motivate the utilization of single-carrier (SC) modulation, which is proved to be energy-efficient and much less complex than OFDM (Doré et al., 2018). Han and Akyildiz (2014) showed that the complexity of the modulation process and energy consumption can be relaxed by conducting transmission over sub-windows parallelly at the cost of simultaneously operating multiple modulators and a very fast signal generator. In practice, carrier-based transmission is still challenging because of the difficulty in generating more than short high-frequency pulses of few milliwatts with graphene at room temperature. Jornet and Akyildiz (2014) solved this problem through a pulse-based SC on–off keying modulation with an acceptable reduction in spectral efficiency, which is shown to achieve a Tbps data rate in nano-network scenarios. Furthermore, internal modulation schemes can turn the absorption effect into an advantage by dynamically optimizing transmission window allocations (Han and Akyildiz, 2014), frequency allocations (Zakrajsek et al., 2017), power allocation (Han et al., 2015), and single-user and multi-user distance-aware bandwidth-adaptive resource allocations (Han et al., 2014).
1.1.2 Non-Programmable External Modulator
An optically tuned THz modulator is a critical part of the non-programmable external modulator (Libon et al., 2000), which can be realized by metamaterials (Cong et al., 2018; Chen et al., 2018), two-dimensional (2D) materials (Fu et al., 2017), and flexible substrates (Khang et al., 2006). Cong et al. (2018) introduced an active hybrid metasurface integrated with patterned semiconductor inclusions, which aims to control THz waves actively. The experimental were investigated in Chen et al. results of actively controlled anisotropic near-field coupling based on a metamaterial with a closed-ring resonator functioning at THz frequencies in Chen et al. (2018). With the development of 2D material fabrication, Fu et al. (2017) showed that the modulation depth of the transmission could reach 74% for the proposed modulator under external photoexcitation. The flexible substrate–based modulator is regarded as a new potential THz modulator, which has many advantages such as transparency, lightweight, low cost, and consistent adhesion. By changing the surface shape of the flexible substrate, Khang et al. (2006) observed that the electrical parameters could be modified.
Another “hot” research field is an electrically tuned external THz modulator, which was proposed by Libon et al. in 2000 (Kersting et al., 2000) firstly. It can also be achieved by semiconductors, metamaterials, flexible substrates, and graphene. Shrekenhamer et al. established a new path toward achieving an electrically tunable THz modulator by incorporating metamaterials into mature semiconductor technologies (Shrekenhamer et al., 2011). The graphene-based modulator is a kind of electromodulator based on 2D materials, which is famous for adjustable thin layer conductivity and long mean free path. Zhang et al. (2005) reported an unusual half-integer quantum Hall effect for both electron and hole carriers in graphene, which may lead to new applications in carbon-based electronic and magneto-electronic devices. Moreover, a modulator based on a flexible substrate is shown to realize excellent flexibility and high modulation depth in Kaya et al. (2018).
There are other kinds of non-programmable THz modulators, such as photoelectric hybrid modulators (Li et al., 2015), mechanically tuned THz modulators (Han et al., 2017), thermally tuned THz modulators (Ben-Messaoud et al., 2008), magnetically tuned THz modulators (Zhou et al., 2017), and microelectromechanical system (MEMS)-tuned THz modulators (Bai et al., 2010). For example, Li et al. (2015) exhibited an optoelectronic hybrid modulator, which can achieve 83% transmission modulation. An ultrathin THz wave phase shifter was described by Han et al. (2017), which has high transmission with a coefficient of 91%. Since free carriers in most materials are affected by temperature changes, a metal oxide called the vanadium dioxide (VO2) film can be converted from the insulating state to the metallic state under heat (Chain, 1991), which is proved to have high transmittance in the insulating phase and opposite property in the metal phase (Ben-Messaoud et al., 2008). Zhou et al. (2017) presented a magnetically tuned THz modulator, whose resonant frequency can be tuned with the insertion loss of 0.3 dB with high modulation speed. The MEMS-tuned THz modulator utilizes MEMS-based slow-light–tunable effects, which is shown to have the ability to tune over a wide frequency range in the THz band (Bai et al., 2010).
1.1.3 Programmable External Modulator
Benefiting from the rapid evolution of electromagnetic metamaterials, more recent attention has focused on the provision of digital coding and programmable metasurfaces based on PIN diodes. The new concept of artificial “coding metamaterials” was firstly proposed by Cui et al. (2014), which can be controlled by binary code sequences compared with conventional metamaterials. Specifically, coding metasurfaces, also called reconfigurable intelligent surfaces or intelligent reflecting surfaces, can generate different code sequences in real time under the control of a field programmable by integrating with active elements. Its properties of digital description, analysis, and design simplify the design process and reduce the design difficulty. This promising technology is in fact gaining a lot of momentum because of its superiority in a variety of applications including but not limited to energy-efficient networks (Huang et al., 2019), massive access (Mursia et al., 2021), ultra-high capacity communications (Yan et al., 2020), and extremely low error rate systems (Ye et al., 2020). Although efficient metasurface-based modulation schemes such as reflecting modulation (Guo et al., 2020) and differential reflecting modulation (Guo et al., 2021) have been proposed in low frequency bands, there are only few works investigating the modulation functionality of metasurfaces at THz frequency. Liu et al. (2016a) made a valuable contribution to programmable THz modulator design. The work (Liu et al., 2016a; b, 2017) experimentally demonstrated a transmission-type coding metamaterial at THz frequency, which could bend the cross-polarized component of the normally incident wave in anomalous directions and generate non-diffractive Bessel beams in arbitrary directions. In the same year, a frequency-dependent dual-functional coding metasurface using two layers of metamaterial structures for THz frequencies is proposed in Liu et al. (2016b), which is able to independently control reflection phases at two distinct frequencies. The following work (Liu et al., 2017) proposed a tensor coding metasurface at THz frequency that could take full-state controls of an electromagnetic wave. By designing specific coding sequences, Gao et al. demonstrated that multi-bit coding metasurfaces have strong abilities to control THz waves (Gao et al., 2015). They proposed a new scattering strategy of THz waves––broadband and wide-angle diffusion to reducing the scattering of THz waves. More recently, another approach to form near-field THz imaging was proposed in Stantchev et al. (2017), which can selectively attenuate part of the incident light and achieve THz compression imaging through an encoded array. The applied angular spectrum method proposed by Yamagiwa et al. (2018) for wavefront reconstruction was shown to be more accurate at short reconstruction distances. Wang et al. realized multiple longitudinal operations of holograms by using the holographic metasurface regulating the phase and amplitude simultaneously (Wang et al., 2018). More recently, a novel approach for generating arbitrary wavefronts of a THz beam is presented in Guo J. et al. (2019), which was demonstrated by proof-of-concept experiments.
1.2 Contribution
In this paper, we are interested in a metasurface-based low-cost external THz modulator. Traditionally, such modulators carry information by changing the metasurface pattern per symbol time. Its detector at the receiver needs to know the exact metasurface response to the incident signal and know the wireless channels in between the THz wave generators. However, it is difficult to model the action of the metasurface and its reaction to the incident signals. Besides, channel estimation also leads to additional resource consumption.
• To avoid these problems, we propose a differential modulation scheme for metasurface-based THz communications. The proposed differential spatial THz modulation (DSTM) scheme is applicable to all kinds of metasurfaces enabling THz communications, including transmissive metasurfaces and reflective metasurfaces.
• We also analyze the encoding and computational complexity of the proposed DSTM, which are shown to greatly increase with the transmission rate. To address this problem, we further propose an effective encoding and low-complexity detection approach for high-rate DSTM systems.
• Simulations are conducted to show the performance of the proposed DSTM in comparison with non-differential modulation with coherent detection. The results show that even through the proposed DSTM is less comparable to non-differential modulation with coherent detection and perfect channel state information (CSI), it can achieve comparable performance to or even better performance than non-differential modulation with coherent detection and imperfect CSI.
1.3 Organization
The remainder of this paper is organized as follows. We introduce the system model and the used THz channel model in System Model. Differential Spatial THz Modulation Scheme describes the proposed DSTM scheme and the differential maximum-likelihood (DML) detection method. High-Rate Differential Spatial THz Modulation Scheme presents the proposed low-complexity encoding and detection method. Simulation and Discussion presents the simulation results and includes discussions.
1.4 Notation
In what follows, the following notations are adopted: x represents a scalar; [image: image] stands for a vector; [image: image] represents a matrix; and χ [image: image] denotes the complex domain; [image: image] represents an [image: image] identity matrix; [image: image] corresponds to the Hermitian transform; [image: image] refers to the m-th component of [image: image]; [image: image] refers to the element of [image: image] located at the m-th row and n-th column; and [image: image] stands for the complex Gaussian distribution with mean μ and variance [image: image].
2 SYSTEM MODEL
2.1 System Description
In this paper, we investigate the metasurface-enabled THz communication systems as illustrated in Figure 1. In this figure, we illustrate a THz generator radiates THz waves, which arrive at a transmissive metasurface or a reflective metasurface. Propagating through or being reflected by different metasurface patterns will generate different responses to THz waves. We assume that metasurface pattern sets are [image: image], where [image: image] denotes the metasurface pattern and N is the number of independent units on the metasurface. In the conventional metasurface-based spatial THz modulator (STM), the metasurface patterns are dynamically changed at each symbol time to carry information. To detect the information, the receiver needs to know the exact metasurface response to the THz wave and the wireless channels in between the THz generator, metasurface, and receiver. Differently, the proposed DSTM in this paper does not need to know these. Moreover, the receiver is assumed with [image: image] antennas. We denote the channel matrix between the THz generator and the metasurface as [image: image]. We use [image: image] to represent the channel matrix between the metasurface and the receiver. At a time slot, when [image: image] is activated, the received signal can be written as
[image: image]
where [image: image] is the received signal vector; s denotes the radiated modulated signal; and [image: image] represents the additive complex Gaussian noise vector with zero mean and covariance [image: image], i.e., [image: image].
[image: Figure 1]FIGURE 1 | (A) Transmissive metasurface–based THz communication system. (B) Reflective metasurface–based THz communication system.
2.2 Channel Model
We assume the metasurface is placed close to the transmitter to capture the signal power and the signals from the THz generator to propagate in line-of-sight (LoS). The channel coefficient between the n-th metasurface unit and the THz generator can be written as
[image: image]
where [image: image] represents the magnitude of the LOS path regarding the transmission frequency f and the distance [image: image] between the THz generator and the n-th metasurface unit and c represents the speed of light in vacuum. Considering the spreading loss and air adsorption loss, [image: image] can be written as
[image: image]
where [image: image] stands for the spreading loss and [image: image] represents the molecular absorption loss[image: image]. They can be written as
[image: image]
and 
[image: image]
where [image: image] denotes the molecular absorption coefficient subsuming the influence of these parameters on absorption, which can be calculated by
[image: image]
where [image: image] and [image: image] are the standard pressure and temperature values, ζ and T denote the pressure and temperature of the propagation environment, [image: image] represents the total number of molecules per volume unit of gas i, and [image: image] is the absorption cross section of gas i over frequency f, which can be derived by radiation transmission theory (Han et al., 2014). Differently, we assume the metasurface is far from the multi-antenna receiver. Under such assumption, the multi-antenna receiver captures both the direct ray and reflected rays from rough surface scattering. The equivalent channel model from the n-th metasurface unit to the [image: image]-th receiver antenna can be expressed as
[image: image]
where [image: image] denotes the LOS channel coefficient in magnitude; [image: image] represents the i-th non–line-of-sight (NLOS) channel coefficient in magnitude; and [image: image] stands for the number of reflected rays that be radiated from the n-th metasurface unit and arrive at the [image: image]-th antenna. Similarly, [image: image] and [image: image] can be similarly expressed as a combination of the spreading loss and the molecular absorption loss as that in Eqs 3–5.
3 DIFFERENTIAL SPATIAL THZ MODULATION SCHEME
In this section, we will present a DSTM scheme, which is applicable to all kinds of metasurfaces enabling THz communications, including all the transmissive metasurfaces and the reflective metasurfaces. Here, we first introduce the encoding scheme, then present the detection scheme, and analyze its computational complexity.
3.1 Encoding Mechanism
In DSTM, we use the [image: image] bits to map a [image: image] permutation matrix [image: image] at the i-th block. The number of all legitimate [image: image] is [image: image]. Only [image: image] is selected for mapping, and the set of the used [image: image] is defined as [image: image] with set size [image: image]. We define the transmission of the i-th block [image: image] which is calculated by
[image: image]
where [image: image] is an identity matrix and can be regarded as a special permutation matrix. Thus, [image: image] is a permutation matrix since the multiplication of any two permutation matrices is also a permutation matrix. Then, we activate the metasurface pattern in an order that corresponds to [image: image]. The detailed mapping process is demonstrated in Figure 2.
[image: Figure 2]FIGURE 2 | Differential encoding process.
When [image: image] is activated, the received signal matrix in the block can be written as
[image: image]
where [image: image] is a permutation corresponding to [image: image]. Then, we can express [image: image] in terms of [image: image] as
[image: image]
where
[image: image]
and [image: image] represents the complex Gaussian matrices with each entry following a zero mean and covariance [image: image] complex Gaussian distribution. Using DSTM, the target transmission rate can be written as
[image: image]
To clearly view the trend of the target transmission rate along with the increase in the number of metasurface patterns, i.e., K, we demonstrate it in Figure 3. As shown in the figure, the target transmission rate increases as the number of metasurface patterns increases.
[image: Figure 3]FIGURE 3 | Trend of the target transmission rate along with the increase in the number of metasurface patterns.
3.2 Optimal Differential Maximum-Likelihood Detection
Substituting Eq. (8) into Eq. (10), we have
[image: image]
Recalling that [image: image], we can rewrite [image: image] as
[image: image]
Thus, the optimal DML detector can be derived as
[image: image]
3.3 Computational Complexity Analysis
The detection computational complexity is dominated by the calculation of [image: image] of [image: image] times. One calculation of [image: image] requires around [image: image] multiplications. Since [image: image] is a permutation matrix, the computational complexity of multiplying [image: image] can be neglected. All calculations of [image: image] require [image: image]. Such complexity does not cause an issue for a small K but will cause a problem when K is large, i.e., high-rate communication systems (since the transmission rate increases as K increases). To demonstrate this, we illustrate the trend of the computational complexity for detection along with the increase in the target transmission rate in Figure 4. The results demonstrate the computational complexity approximately exponentially increases as the transmission rate increases.
[image: Figure 4]FIGURE 4 | Trend of the computational complexity for detection along with the increase in the target transmission rate.
4 HIGH-RATE DIFFERENTIAL SPATIAL THZ MODULATION SCHEME
As shown in Figure 3, the transmission rate grows with the number of metasurface patterns K. Thus, it is required to have more number of metasurface patterns to fulfill the target. However, increasing the number of metasurfaces will increase the computational complexity. In this section, we propose a low-complexity bit-to-activation-order mapping scheme. Inspired by the work in Xiao et al. (2015), we adopt a low-complexity detection scheme for DSTM.
4.1 Low-Complexity Bit-to-Activation-Order Mapping Scheme
The encoding method in Encoding Mechanism is not suitable for a high-rate DSTM scheme because there are a total of [image: image] permutation matrices, which will determine the metasurface activation order. Along with the increase in the transmission rate, the number of permutation matrices increases tremendously. This will lead to a heavy burden on the memory to save these permutation matrices and also the mapping and demapping process. To address this problem, we propose a low-complexity mapping method, which can be described as follows. Let [image: image]. First, we map a number of [image: image] bits to the metasurface [image: image] and remove the [image: image]th item from the candidate set [image: image]. Second, we map a number of [image: image] bits to the [image: image]th item and remove the [image: image]th item from the candidate set [image: image]. We continue the process until we get [image: image]. Using such a mapping method, the transmission rate is reduced slightly to be
[image: image]
4.2 Low-Complexity Detection and Demapping Scheme
For the purpose of reducing the computational complexity, we perform a column-by-column detection as
[image: image]
where [image: image] is a set consisting of K basis vectors of K dimension. [image: image] has all basis vectors. Let [image: image] be the index of non-zero of [image: image], and we stack all [image: image] into a vector
[image: image]
According to the procedures of mapping, we can perform demapping successively. That is, we firstly decode [image: image] into [image: image] bits. Then, we decode [image: image] into [image: image] bits, [image: image] into [image: image] bits, and so on until the last index [image: image] is decoded. Using the column-by-column detection, the computational complexity is reduced to [image: image].
5 SIMULATION AND DISCUSSION
In this section, simulations are included. This is further divided into two subsections. In the first subsection, we investigate the performance of the proposed DSTM by comparing it with STM using coherent detection. In the second subsection, we investigate the performance of high-rate DSTM with the proposed column-by-column detection and mapping scheme. In our simulations, the simple phase-shift metasurfaces are adopted. It is worth mentioning the proposed DSTM schemes are suitable for all kinds of metasurfaces.
5.1 Performance of the Proposed Differential Spatial THz Modulation
In this subsection, we investigate the performance of the proposed DSTM, by comparing it with STM using coherent detection. The distance from the THz source and metasurface is set to be 0.1 m, and the distance from the center of the metasurface to the receiver is 5 m or 10 m. The receiver is equipped with four antennas. The metasurface is equipped with 16 phase-shift units, and we use the activation orders of two random patterns [image: image] to carry one bit. The BER comparison is included in Figure 5. The simulation results show that DSTM is less comparable to STM as expected. But the performance difference is acceptable considering the detection of STM needs to know the exact response of the metasurface to the incident signals and all CSI.
[image: Figure 5]FIGURE 5 | BER comparison between the proposed DSTM and STM.
5.2 Performance of the Proposed High-Rate Differential Spatial THz Modulation
This subsection investigates the performance of the proposed high-rate DSTM with low-complexity mapping, detection, and demapping methods. The number of patterns used for transmission is set to be 10, and the transmission rate increases to be [image: image]. The simulation results in Figure 6 reveal that DSTM is better than STM by [image: image]. Considering DSTM releases the complex channel estimation, it is still attractive in low-complexity low-cost implementation. Simulations are conducted over different distances and communications over a longer distance suffering more severe path loss because of free space propagation loss and air absorption.
[image: Figure 6]FIGURE 6 | BER comparison between the high-rate DSTM and STM.
6 CONCLUSION
This paper proposed an external differential spatial THz modulator for metasurface-aided THz communications. We adopt the metasurface activation pattern to carry information. The transmission rate and computational complexity of the proposed DSTM were analyzed. We proposed low-complexity mapping, detection, and demapping methods for high-rate DSTM. Simulations showed that DSTM provides an acceptable performance loss compared to STM, which has to know the response of the metasurface and CSI for information detection.
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