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In this paper, we demonstrate the usefulness of MoM (Method-of-Moments) based methods in efficient path-loss modelling for SISO (single-input single-output) communication links assisted by IRS (Intelligent Reflecting Surfaces). Being a full-wave computational electromagnetic tool, MoM is better equipped compared to high-frequency asymptotic methods like PO (Physical Optics), to handle the crucial electromagnetic (EM) effects like: mutual coupling between IRS unit-cells or interactions with spherical wave-front in antenna near-field. Furthermore, in terms of computational speed, accuracy and reproducibility, the MoM-based MATLAB Antenna Toolbox is significantly advantageous to emulate IRS-assisted wireless channels, as compared to the in-house FDTD (finite-difference time-domain) techniques. We consider a SISO system of two half-wavelength dipoles, and use a rectangular array of circular loops loaded with lumped circuit components as IRS. The lumped circuit loading enables us to control the reactance of individual unit-cells, resulting in alteration of IRS reflection coefficient and consequent changes in channel characteristics. Using numerous numerical simulations, we highlight the impacts of various IRS-parameters like: electrical size and number of unit-cells, distance of IRS from the transmitter/receiver as well as mutual coupling, on the path-loss models (both sub-6 GHz and mm-wave).
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1 INTRODUCTION
The concept of deploying IRS (intelligent reflecting surfaces) in the environment (eg. the walls of buildings) is becoming extremely popular, for its potential in leading to enhanced data rate, extended coverage, minimized power consumption, and more secure transmission (Björnson et al., 2020), Björnson and Sanguinetti (2020), (Di Renzo et al., 2020). Generally in an IRS, one uses a frequency selective surface (FSS) or “meta-surface,” i.e. large two-dimensional array of passive scattering elements (or unit-cells), and performs joint phase control of all these IRS unit cells through external software control. Typically, the purpose of using an IRS is to reflect an incoming wave from a far-field source towards a receiver in the far-field (Björnson et al., 2020), Björnson and Sanguinetti (2020), (Di Renzo et al., 2020). By arbitrarily tuning the reflecting phase and angles of the incident RF signals, the received signal power can boosted by coherent addition for some UEs. In some scenarios, unwanted cross-talk between different UEs can also be mitigated by destructive interference.
To design and predict the performance of any IRS-based communication system, it is critical to derive accurate path-loss models, and perform a holistic characterization of the IRS-assisted channels. Several works are being carried out in this regard, which either involve quasi-analytical methods based on certain assumptions about the propagating waves and their interactions with the IRS unit-cells, or use PO/GO (Physical Optics and Geometrical/Ray Optics) based tools (Ozdogan et al., 2020), (Najafi et al., 2021). In PO/GO based analysis, the size of the IRS is considered to be crucial in shaping the beam-width of the reflected beam and very often the IRS is modelled as an array of diffuse scatterers. The IRS unit-cells (or “tiles”) are considered to be “anomalous reflectors,” and the response functions are calculated by assuming the plane-wave incidence approach (Ozdogan et al., 2020), (Najafi et al., 2021). The overall impact of the IRS on the wireless channel is determined for a given phase shift, after solving the corresponding integral equations for the corresponding electromagnetic fields (Najafi et al., 2021).
While all these approaches are definitely judicious and useful, several crucial electromagnetic interactions in IRS-assisted communication links are often neglected, like:
• Dispersive nature: the reflective properties of IRS will be dependent on the operating frequency, which may be critical for broadband communication perspective;
• Lack of angular stability: the IRS properties will get altered for electromagnetic (EM) waves impinging from different incident angles, and polarizations (Transverse electric or magnetic);
• Illumination from near-field sources: If the transmitter or receiver are not present sufficiently distant (electrically) from the IRS, the field impinging upon the IRS will have spherical wave-fronts which are generated in the near-field radiating regime of antennas. Therefore the reflective properties from the IRS will be considerably changed, as plane-wave incidence criterion is no longer satisfied in such cases. It is not possible to handle this phenomenon using traditional ray-tracing (RT) or GO1.
• Mutual Coupling between unit-cells: Generally, asymptotic techniques like PO or UTD (Uniform Theory of Diffractions) are deployed for analyzing EM wave interactions with electrically large systems (eg. ships, aircrafts, etc). But PO based techniques can not efficiently characterize the finer EM effects caused by the mutual coupling between the unit-cells comprising the IRS structure Davidson (2010).
Therefore, it has become extremely important to apply full-wave computational electromagnetic (CEM) tools like FDTD (Finite-Difference Time-Domain Methods) or MoM (Method of Moments) to properly characterize the effect of IRS in a wireless network, specially when the IRS might not be electrically very large, or placed too far away from the transmitters/receivers. Borrowing the idea from FDTD-based indoor channel modelling approaches (Sarkar et al., 2020), critically examines the effect of IRS based on reconfigurable thin-wire type FSS on a line-of-sight (LOS) massive-MIMO communication link, by observing the singular values of the channel matrix for various switching states in the IRS.
In this article, we are focusing on a different CEM technique: the MoM (Method of Moments) to analyze SISO (single-input single-output) communication links. Instead writing a MoM code from scratch, we deploy the commercially available MoM based MATLAB Antenna Toolbox for our simulation purpose. The inherent advantages of using a MoM based simulation paradigm are as follows:
1) Being a full-wave simulation scheme, MoM-based approach allows us to properly account for the near-field interaction and mutual coupling effects, unlike the asymptotic PO or GO based Davidson (2010).
2) The computation time and memory requirement in MoM is drastically less compared to FDTD (Sarkar et al., 2020), therefore there is scope of generating high-volume of datasets and optimize IRS topologies for a given transmitter-receiver arrangement using artificial intelligence or machine learning techniques.
3) Since the entire structure is coded using MATLAB Antenna Toolbox, the results are easily reproducible, rendering the approach more suitable compared to complex in-house FDTD simulation codes.
However, while FDTD can handle a wide-range of dielectric materials, for MoM one has to primarily handle conducting materials and wire-type structures, which can be interpreted as a disadvantage. But even with these limitations, it is possible to implement a reasonably wide-range of practical antenna systems and IRS-topologies, and generate useful channel modelling data using MoM. In the subsequent section, we will demonstrate the simulation of IRS-assisted SISO links based on two dipoles, and an IRS implemented by an array of circular-loops (often referred to as split-ring resonators or SRRs in metamaterial terminology).
2 MOM SIMULATION OF IRS-ASSISTED SUB-6 GHZ SISO LINKS
Figure 1 shows the schematic diagram of a simple transmit-receive SISO communication link using two dipoles separated by a distance d. The length of each dipole is chosen as 0.47λ to ensure near-zero input reactance for the dipoles, where λ = c/f0, f0 = 3.5 GHz (sub-6 GHz 5G range) being the operating frequency chosen for all simulations, and c = 3 × 108 m/s is the speed of light. To modulate the channel properties, an IRS comprising of N × N array of PEC (perfect electric conductor) loop unit-cells is placed at a distance of s from the transmitting dipole (see Figure 1). One key underlying idea behind the use of IRS near the transmitter, is to control the channel propagation characteristics through the properties of the IRS-unit cells, i.e. the circular PEC loops in our case. The resonant frequency and operating modes of the individual PEC loops are controlled by the radius r of each PEC loop, along with the lumped circuit load ZLoad placed on each loop (see Figure 1). The mutual coupling between the loops are controlled by the center-to-center spacing p between the loops. Note that the PEC loops are essentially thin-wire strips, therefore the width of the strips is kept very small (≈0.01λ). Also, the value of p is fixed as 2r + 2 mm, for the subsequent simulations. Now, note that the total input impedance Zin,L of each loop can be expressed as:
[image: image]
where Zin,UL is the loop input-impedance without any lumped circuit loading, that provides an impedance ZLoad in the series. For most simulations we keep: [image: image], so that the input impedance Zin,L of each individual loop bears only resistive component. Later on, we will demonstrate how the ZLoad can be varied to alter Zin,L, and systematically control the path-loss behaviour. Now, using the MoM-based MATLAB Antenna toolbox it is possible to compute the transmission coefficient S21 for the two dipole assembly in presence (as well as absence) of IRS, for different values of d and s.
[image: Figure 1]FIGURE 1 | Schematic diagram of IRS-assisted SISO communication link using two dipoles (each 0.47λ long), realized using MATLAB Antenna Toolbox. The IRS placed near the transmitter comprises of N × N array of circular loops, each of radius r.
To estimate the impact of the IRS on the path-loss, we define a metric ΔP (in dB) as follows:
[image: image]
where [image: image] and [image: image] respectively represent the |S21| (in dB), for the presence and absence of the IRS near the transmit (Tx)-dipole. Note that, if the inter-loop spacing p (see Figure 1) is kept unchanged, the physical aperture area of the IRS can be changed in two ways: either by changing the loop-radius r or by increasing the number of unit-cells through the parameter N. In Figure 2, we try to compare the relative impact of r and N on ΔP, by choosing their values such that the overall physical apertures are of the same range. For better visualization, we use two-dimensional (2D) distributions of ΔP (in dB), by varying the distance d between the transmit and receive dipoles from 0 to 10λ, and s from 0 to 4λ (see Figure 2).
[image: Figure 2]FIGURE 2 | Variation of ΔP (in dB) for the configuration in Figure 1 with respect to d/λ and s/λ, keeping p =2r +2 mm for: (A) N =4, r =0.1λ, (B) N =8, r =0.05λ.
2.1 IRS UNIT-CELL DIMENSIONS AND OVERALL PHYSICAL SIZE: A TRADE-OFF
Figure 2 depicts that for similar physical area of IRS and same distance ranges (i.e. d/λ and s/λ values), the IRS having the loop unit-cell dimensions such that the circumference is closer to the loop self-resonance at half-wavelength, provides greater variations in the path-loss distribution. Overall, incorporation of IRS has enhanced the received signal level at the receiver (ΔP > 0 dB in most regions). However, greater values of ΔP has been achieved for same d/λ and s/λ values, depending on the loop-size, even when the physical IRS area is roughly of the same order. We can infer that unit-cell choice for IRS has to be carefully done, so that they can interact effectively with the impinging electromagnetic waves in a resonant manner; depending on the unit-cell dimensions and operating modes, currents will be induced in the IRS, leading to reflection properties. Note that, the sub-wavelength loops (i.e. with r = 0.05λ) did not have the same interaction with the impinging signals from the transmitter, as compared to their counter parts having r = 0.1λ. This control-feature based on unit-cell shape and dimensions also demonstrates how an IRS differs from a simple continuous passive PEC plate placed near the transmitter or receiver. We further study the impact of unit-cell size, keeping the value of N fixed at 4 (see Figure 3). When the loop radius is increased to 0.2λ, the loop perimeter 2πr becomes more than λ, thereby leading to a different operating mode for the same excitation frequency. Therefore, the scattering features of the entire IRS i.e. array of circular loops get altered, leading to distinct change in the ΔP distribution pattern. Clearly, larger loop-radius leads to higher increase in ΔP for greater s/λ value, when the same d/λ is kept at same level (see Figure 3). Therefore, the IRS can be kept farther way from the transmitter, and same path-loss compensation can be achieved by increasing the IRS unit-cell dimensions from sub-wavelength scale to larger values.
[image: Figure 3]FIGURE 3 | Variation of ΔP (in dB) for the configuration in Figure 1 with respect to d/λ and s/λ considering 4×4 array of loops as the IRS, with: (A) r =0.1λ, (B) r =0.2λ. Here p =2r +2 mm.
2.2 Effect of Lumped Loading on IRS Unit-Cells
While it is possible to change the reflection/scattering from IRS by changing the size (and consequently the resonant operating modes) of the unit cells, it can not be carried out “real-time” (i.e. using external electronic control signals). One key usefulness of IRS lies in the possibility to tailor the reflection/scattering by varying the lumped circuit loading of the individual IRS unit cells. So far we simply used the ZLoad value to cancel out the input reactance of each loops, but now we focus on varying ZLoad of each unit cell, which alters the ΔP (in dB) distribution (see Figure 4). Practically, this variation in ZLoad (both resistance and reactive parts) can be achieved by using circuit components like Varactor diodes, as well as transistor-based voltage controlled resistor elements. Note that, increasing the resistance value of the input impedance, simply implies that the loop is approaching more towards an open circuit termination condition. However, due to limitations in MATLAB Antenna Toolbox, it was not possible to incorporate negative resistance values to realise an short-circuit termination, especially for the loops having r = 0.1λ having a finite input resistance close to 97 Ω. But, it is indeed possible to provide both inductive and capacitive reactive loads, and it can be seen that the path loss behaviour is significantly changed (Figure 4). In our case, the inductive reactance condition of individual loops appear to be causing a greater path loss compensation as compared to the capacitive reactance condition (Figure 4C and Figure 4D).
[image: Figure 4]FIGURE 4 | Variation of ΔP (in dB) considering 4×4 IRS near Tx-dipole (see Figure 1), considering the input impedance Zin,L for individual loops as: (A) 96.57 + j0 Ω, (B) 2096.57 + j0 Ω, (C) 96.57–j865.30 Ω, (D) (c) 96.57 + j865.30 Ω. We keep r =0.1λ and p =2r +2 mm.
2.3 Effect of IRS-Location with Respect to Transmitter and Receiver
Next we consider the impact of IRS location with respect to the transmit and receive dipoles, and compute the corresponding ΔP distributions by varying the loop-radius as well as the individual loop loading through ZLoad. A symmetric configuration is considered (see Figure 5), where the IRS is located at same distance from both transmitting and receiving dipole. Increasing r while keeping N same has the similar qualitative effect as that of the previous asymmetric case (i.e. IRS near the transmitter), but the range of values for ΔP has changed (Figure 5B and Figure 5C). Same observation is valid for the scenarios having different load values in the IRS unit cells (see Figure 6). These analyses based on IRS locations emphasize upon the importance of generating such ΔP variation curves for different IRS locations for same Tx-Rx antenna setup, because the channel properties change drastically with it and it is not possible to make a very general statement.
[image: Figure 5]FIGURE 5 | (A) Schematic diagram of alternative IRS-assisted SISO communication link using two 0.47λ long dipoles, realized using MATLAB Antenna Toolbox. The IRS is kept symmetrically with respect to both Tx and Rx-dipoles, at a distance s from the path connecting the dipoles. The corresponding variations of ΔP (in dB) with respect to s/λ and d/λ, considering: (B) r =0.1λ, (C) r =0.2λ. Here p =2r +2 mm.
[image: Figure 6]FIGURE 6 | Variation of ΔP (in dB) considering 4×4 IRS near Tx-dipole (see Figure 5), considering the input impedance Zin,L for individual loops as: (A) 96.57 + j0 Ω, (B) 2096.57 + j0 Ω, (C) 96.57–j865.30 Ω, (D) (c) 96.57 + j865.30 Ω. We keep r =0.1λ and p =2r +2 mm.
2.4 Effect of Mutual Coupling Between Unit-Cells of IRS
Finally we demonstrate the role of the mutual coupling between the unit cells, in governing the path loss pattern. We consider the 4 × 4 IRS with r = 0.1λ, but consider the IRS placement to be both asymmetric and symmetric, keeping s = 0.5λ for both cases. To make a proper, comparison we first keep the value of |S21| for p = 2r + 2 mm as reference i.e. [image: image]. We vary the parameter (p − 2r)/λ as well as d/λ, by keeping r and s fixed, and consequently compute the |S21| values to obtain a factor ΔG (in dB) as:
[image: image]
It can be noticed from the ΔG plots that the symmetric arrangement in Figure 7B is more prone to the mutual coupling effects as compared to the asymmetric case of Figure 7A, especially when the IRS is placed close to the transmitter. However, even for the symmetric arrangement, when we consider the IRS to be placed at greater distance 5λ (see Figure 7C), the impact of mutual coupling on the ΔG subsides significantly.
[image: Figure 7]FIGURE 7 | Effect of mutual coupling between IRS unit-cells upon the distribution of ΔG: (A) s =0.5λ for configuration in Figure 1B s =0.5λ for configuration in Figure 5C s =5λ for configuration in Figure 5.
3 MOM SIMULATION OF IRS-ASSISTED 28 GHZ SISO LINKS
It should be remembered that communication links operating in sub-6 GHz are not sensitive to blockages when compared to mm-wave signals. Therefore, we extend our MoM based simulation approach to analyse SISO links working at 28 GHz. We use half-wavelength dipoles as both transmitter (Tx) and receiver (Rx) separated by distance d, and the IRS is placed at a distance s from the transmitter as shown in Figure 8. The loop radius values are appropriately scaled with respect to λ, so that the IRS operates in the 28 GHz frequency band. Figure 8 demonstrates the path-loss variations with respect to both Tx-Rx and Tx-IRS distances (i.e. s/λ and d/λ).
[image: Figure 8]FIGURE 8 | Variation of ΔP (in dB) with respect to d/λ and s/λ for two IRS-assisted SISO Comm-links operating at 28 GHz: (A) N =4, r =0.2λ, (B) N =8, r =0.1λ. For both, we keep keeping p =2r +2 mm (see Figure 1).
It can be observed that the qualitative nature of the two-dimensional ΔP distributions are similar to the ones observed for the sub-6 GHz frequency range. Clearly, the variation in path-loss is quite sensitive to the s/λ, i.e. the distance between the Tx and the IRS. The value of ΔP appears to be oscillating between maximum and minimum values (i.e.). Also, the area of the IRS plays a significant role in shaping the path-loss variation, especially for lower Tx-IRS distances. One can say that to achieve a considerable impact on the pathloss variation with smaller IRS unit-cell size, one has to increase the IRS array (see that the 8 × 8 loop-array based IRS with loop-radius 0.1λ gives very prominent effect on ΔP for lower s/λ values.)
Although the dipole antennas are inherently narrowband structures, it is vital to study their interactions over a wide frequency band, instead of concentrating on the single 28 GHz frequency. We first analyse the variation of PL = S21 of the Tx-Rx system by keeping the separation d at 10λ (Figure 9A), and varying frequency range from 20–40 GHz. As anticipated, the maximum transmission from Tx-to-Rx can be observed near 28 GHz, i.e. dipole impedance match frequency. But overall there is significant wireless power transfer in the 25–30 GHz frequency range (Figure 9B). After that, we place the IRS (8 × 8 array of loops having radius 0.2λ) at a distance 1.5λ away from the Tx. Figure 9B shows that as the IRS size is increased, greater enhancement of ΔP is observed within the entire frequency range 25–30 GHz. Therefore it is once again reaffirmed that IRS size is a critical factor in governing modifying the pathloss characteristics in IRS assisted communication links. Since the operating mechanism of such IRS is quite similar to classical reflectarray antenna systems, it can be intuitively inferred that the IRS aperture area will play a major role in focusing of reflected power at a desired location; since greater aperture area translates into higher gain in reflectarrays, it is natural that ΔP will increase in presence of larger IRS sizes.
[image: Figure 9]FIGURE 9 | (A) Schematic diagram of SISO Link comprising of a Tx and Rx dipole placed 10λ away from each other, with 8×8 Loop-array as IRS placed 1.5λ away from the Tx-dipole. (B) Top figure shows the Frequency variation of path-loss i.e. S21 for the Tx-Rx system without IRS [image: image]. Bottom figure shows the impact of IRS size on the ΔP (see (2)) over the wide frequency range.
3.1 Comparison With Theoretical Upper Bounds
Finally, the underlying advantages of using MoM simulation to achieve insights into the finer details of spatial path-loss variation for IRS-assisted Comm-links are demonstrated by comparing with the theoretical bounds provided in Ozdogan et al. (2020). Figure 10A shows the schematic of a SISO Tx-Rx system separated by distance d, with an IRS of area AIRS spaced at a distance s. Since the IRS is an N × N array of circular loops having radius r and center-to-center spacing p, the value of AIRS can be obtained as:
[image: image]
[image: Figure 10]FIGURE 10 | (A) Schematic diagram of a Dipole-based Tx-Rx system (separation d) operating at 28 GHz. An IRS having 4×4 configuration of loops (r =0.2λ and p =2r +2 mm) is placed at a distance s as shown. Two-dimensional distribution of path-loss i.e. S21 for different s/λ and d/λ calculated using: (B) Theoretical formula from Ozdogan et al. (2020) i.e. PLtheory, (C) MoM simulations using proposed approach, i.e. [image: image]
Following equation (19) of Ozdogan et al. (2020), the theoretical bounds on the path-loss can be obtained for the proposed configuration of Figure 10A as:
[image: image]
We also numerically compute the [image: image] using MoM. Figure 10B and Figure 10B depict how PLtheory and [image: image] vary over a range of s/λ and d/λ values.
It is crucial to note that, the theoretical upper bound will assist designers to get an initial guess about how the pathloss will vary for different Tx-Rx and Tx-IRS distances. Note that, the theoretical bound is mainly computed from Friis transmission equation viewpoint and assuming interaction between Tx Rx and IRS via plane wavefronts. However, for radiating near-field regions, it is important to consider the impacts of spherical wavefronts. Therefore, the periodic “ripple-like” variations in the pathloss, especially for varying s/λ while keeping d/λ fixed, are better captured using the full-wave MoM approach (see HYPERLINK Figure 10B and HYPERLINK Figure 10C).
4 CONCLUSION
In this paper, we illustrate the effectiveness of MoM-based MATLAB Antenna toolbox in characterization of path-loss models for IRS-assisted communication links. The importance of different parameters like unit-cell size, overall IRS dimension, placement of IRS with respect to transmitter/receiver and mutual coupling between individual unit-cells are critically examined, in the context of path-loss model estimation. We perform simulations for different set of distances between the transmitter and receiver, encompassing both near-field and far-field regimes. While the analysis is done for a SISO link, it can be extended for MIMO links in MATLAB Antenna Toolbox, through straightforward process. Further note that, for simplicity of simulation, we simultaneously varied all the ZLoad values to similar values. While it is possible in the MATLAB Antenna Toolbox platform to perform simulations by changing individual ZLoad values, but in that case it is not possible to define the IRS as an linear or rectangular array of loops.
The key takeaways from the detailed MoM simulation studies are summarized below:
1) It is demonstrated that IRS unit-cell size can be increased and one does not have to necessarily stick to “Metasurfaces” (where the unit-cells are working in the subwavelength regime). We show from numerical simulations that IRS with larger unit-cell size can also support resonant operating modes leading to reflection characteristics leading to controllable pathloss variation. This potentially paves the way for designing multifunctional IRS using electrically large resonators or travelling wave/leaky wave structures to achieve a certain scattering performance that would eventually lead to a desired pathloss.
2) The full wave MoM simulations reaffirm earlier theoretical and PO/GO based studies that the overall IRS area and location of IRS with respect to the transmit-receive system play the crucial role in governing the pathloss variation. The design curves obtained for both sub-6 and 28 GHz frequency ranges provide a general trend, which confirms scalability of the IRS based approach.
3) The effect of mutual coupling between IRS unit cells is also critically studied. It was shown that the effect of mutual coupling between IRS unit cells only matter if the spacing between IRS and the transceiver system is less.
4) While the theoretical upper bounds definitely give a rough initial idea about the effects of Tx-Rx separation and distance of IRS on the pathloss, the proposed MoM based approach has better ability to predict the periodically varying nature of pathloss, when the distance of the IRS from the Tx-Rx assembly is gradually increased. This is clearly due to the better ability of full-wave MoM based method to capture the spherical wavefront effects via full wave EM simulations. Therefore, a judicious combination of the theoretical approaches, coupled with full wave EM simulations will eventually engineers to design IRS assisted wireless communication links.
In future works, We will also explore possibility of incorporating dielectric structures or metal-plate scatterers in the MoM-based paradigm, and study the relevant effects on the IRS-assisted wireless channels.
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FOOTNOTES
1A metasurface is often considered to a “specular reflector” according to geometrical optics, which essentially assumes plane-wave incidence.
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