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In this paper, we study the capacity and symbol error probability (SEP) of generalized spatial modulation (GSM) multiple-input multiple-output (MIMO) using measured channels that are obtained by channel sounding in an indoor office environment at 60 GHz. Spatial modulation (SM) and GSM are emerging low-complexity MIMO schemes that have been extensively researched for low-GHz (below 6 GHz) communications. Recently, they have been considered and shown to be promising also for millimeter-wave (mmWave) communications. In the simplest possible case, they require only one RF chain both at the transmitter (TX) and receiver (RX), and thus are especially attractive for mmWave communications in which the number of RF chains needs to be as low as possible. Despite of some early works on the theoretical analysis of SM/GSM for mmWave communications, there have been no investigations using realworld channel data. We focus on the office line-of-sight (LOS) scenario and investigate three problems: 1) the performance of GSM using the extracted LOS component of measured channels, 2) the impact of non-LOS (NLOS) components on the performance of GSM, and 3) possible simple modulation and reception algorithms for GSM that rely only on the LOS component of the channel. The results being reported in this paper not only validate the main claims of previous studies based on ideal pure LOS channels but also lead to novel findings. One major conclusion is that NLOS components are harmful to the SEP of GSM and should be avoided. As another important outcome, our results strongly motivate the use of precoding in GSM systems to simultaneously improve the channel capacity and reduce the physical size of MIMO arrays (thus eliminating one major issue of LOS GSM).

I. INTRODUCTION

S PATIAL modulation (SM) and generalized spatial mod- ulation (GSM) are emerging low-complexity multipleinput multiple-output (MIMO) schemes for wireless communications [START_REF] Di Renzo | Spatial modulation for generalized MIMO: Challenges, opportunities, and implementation[END_REF]. The operating principle of SM/GSM MIMO systems [START_REF] Younis | Performance of spatial modulation using measured realworld channels[END_REF]- [START_REF] Humadi | Experimental results for generalized spatial modulation scheme with variable active transmit antennas[END_REF] is radically different from that of conventional spatial multiplexing (SMX) MIMO systems, e.g., D-BLAST (Diagonal-Bell Laboratories Layered Space-Time) [START_REF] Foschini | Layered space-time architecture for wireless communication in a fading environment when using multi-element antennas[END_REF] and V-BLAST (Vertical BLAST) [START_REF] Wolniansky | V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel[END_REF]. In SMX MIMO, the SMX gain is achieved by simultaneous transmission of multiple in-phase and quadrature (IQ) streams at the same frequency. Typically, the same number of transmitter (TX) chains (from baseband to RF) as the number of data streams are needed in SMX MIMO thus introducing significant hardware and data processing complexities. However, in SM/GSM MIMO (see Fig. 1), data streams are transmitted not only in the conventional IQ domain but also in a so-called spatial domain. SM was originally proposed to activate only a single TX antenna and transmit a single stream in the IQ domain, but was later generalized to GSM which supports multiple antenna activation and even multiple IQ stream transmission [START_REF] Wang | Generalised spatial modulation system with multiple active transmit antennas and low complexity detection scheme[END_REF]- [START_REF] Osman | Variable active antenna spatial modulation[END_REF]. In this paper, for the sake of practical relevance to millimeter-wave (mmWave) communications, we consider the case of GSM with only a single IQ stream. The spatial domain transmission is achieved by selecting a sub-group of TX antennas for transmission of the IQ stream and modulating the spatial stream in the antenna indicies. Compared to SMX, SM/GSM can not only reduce hardware and signal processing complexities [START_REF] Di Renzo | Spatial modulation for generalized MIMO: Challenges, opportunities, and implementation[END_REF], but also show significantly improved TX energy efficiency [START_REF] Stavridis | Energy evaluation of spatial modulation at a multi-antenna base station[END_REF], [START_REF] Patcharamaneepakorn | Spectral, energy, and economic efficiency of 5G multicell massive MIMO systems with generalized spatial modulation[END_REF].

Extensive research has been conducted on SM/GSM [START_REF] Di Renzo | Spatial modulation for generalized MIMO: Challenges, opportunities, and implementation[END_REF]. However, almost all papers are concerned with SM/GSM at low-GHz (below 6 GHz) frequencies. Some early mmWave SM/GSM papers are [START_REF] Liu | Space shift keying for LOS communication at mmWave frequencies[END_REF]- [START_REF] Perović | Receive spatial modulation for LOS mmWave communications based on TX beamforming[END_REF], which are all concerned with the line-of-sight (LOS) scenario. A major difference between indoor LOS mmWave SM/GSM and low-GHz SM/GSM lies in the different propagation characteristics. At mmWave frequencies, e.g., 60 GHz, the practical indoor operation range is likely to be limited by penetration loss and therefore mostly confined to a single room [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] and the indoor channel is dominated by the LOS path (if not blocked). The non-LOS (NLOS) paths, which typically suffer from 10 dB loss per reflection and additional path loss due to larger path lengths as compared to the LOS path [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF], have only minor contribution to the received power. The LOS component is deterministic and determined by the relative geometries of the antennas, and this, as in LOS SMX [START_REF] Bohagen | Design of optimal high-rank lineof-sight MIMO channels[END_REF], [START_REF] Torkildson | Indoor millimeter wave MIMO: Feasibility and performance[END_REF], gives us opportunities to optimize the performance of SM/GSM in LOS [START_REF] Liu | Space shift keying for LOS communication at mmWave frequencies[END_REF], [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF]. In the literature and also in this paper, LOS MIMO (SMX/SM/GSM) means a MIMO communication system that is optimized based on the pure LOS component of the channel. More specifically, optimization of the symbol error probability (SEP) and channel capacity of LOS MIMO relies on proper separation of the TX and receiver (RX) antennas (by an amount that is in general much larger than half wavelength). At low-GHz frequencies, in contrast, the channels are usually rich-scattered and exhibit fading and low-coupling characteristics. Excess separation of the antennas at low-GHz is generally not necessary. Antenna separations down to half wavelength usually can lead to sufficiently low channel correlations [21, p.151] and allow exploitation of diversity and multiplexing gains [START_REF] Foschini | Layered space-time architecture for wireless communication in a fading environment when using multi-element antennas[END_REF].

So far, the work on SM/GSM, regardless of frequency, has been mainly limited to theoretical studies. Although numerical simulation and theoretical analysis serve as important and often reliable tests of the performance of novel technologies, only practical experience can yield definitive answers to their performance in real-world [START_REF] Zhang | Bit error probability of spatial modulation over measured indoor channels[END_REF]. The only few practical works on SM/GSM are [START_REF] Younis | Performance of spatial modulation using measured realworld channels[END_REF]- [START_REF] Humadi | Experimental results for generalized spatial modulation scheme with variable active transmit antennas[END_REF], all at low-GHz frequencies. In [START_REF] Younis | Performance of spatial modulation using measured realworld channels[END_REF], a channel measurement campaign considering a 2 GHz urban channel was carried out in the city of Bristol, United Kingdom. The average bit error probability (BEP) of SM was evaluated over the measured Rayleigh fading channel. In [START_REF] Serafimovski | Practical implementation of spatial modulation[END_REF], a 2 × 2 MIMO testbed was constructed for SM and SMX at 2.3 GHz carrier frequency. The experiment was carried out in an indoor office environment and the SM principle was validated for the first time in real-time. In [START_REF] Zhang | Bit error probability of spatial modulation over measured indoor channels[END_REF], the indoor channel inside a teaching building was measured at 6 GHz. Both LOS (corridor-to-corridor) and NLOS (corridorto-classroom) scenarios were measured. It was concluded that neither an independent and identically distributed (i.i.d.) nor a spatially correlated Rayleigh fading channel model, which were commonly used in theoretical works, were able to predict the behavior of SM in practical (indoor) environments. It was also concluded that owing to the higher de-correlation among antennas, the SM system performs better under NLOS scenarios than LOS scenarios. In [START_REF] Humadi | Experimental results for generalized spatial modulation scheme with variable active transmit antennas[END_REF], a testbed was constructed for communication using GSM with a variable number of activated TX antennas (a.k.a. VGSM) at 2.4 and 5 GHz. The experiment was carried out in an office environment and the concept of GSM was validated. These practical works proved that SM/GSM is a viable technology. But, it was also shown that the performance of SM/GSM cannot always be predicted accurately. This is because theoretical channel models are usually too simplistic and may not capture enough details of the real-world environment.

In this paper, we study the performance of GSM that has a fixed number of activated TX antennas (a.k.a. FGSM) over measured 60 GHz (multipath) indoor channels 1 . The channel measurement was carried out in an office environment at Brno University of Technology, Czech Republic. This is the first time that SM/GSM is studied using real-world mmWave channels. GSM has been studied for application to 60 GHz indoor communications in [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF], [START_REF] Liu | Variable-Nu generalized spatial modulation for indoor LOS mmwave communication: Performance optimization and novel switching structure[END_REF]. The study, however, is of theoretical nature and accounts only for the LOS component of the channel. However, practical channels may not necessarily be the same as those used for ideal pure LOS optimization. For example, NLOS paths may not be so negligible or, because of the hardware components used, the LOS paths may have different characteristics than those used in typical (theoretical) models that are used for optimizing the MIMO performance. Validation of the sensitivity or vulnerability of the optimized system to practical channels, which is the main goal of this paper, is therefore a necessary step before any real implementations. Against this background, the novel contributions of this paper are as follows:

1) We performed 60 GHz channel sounding in an indoor office environment and measured 132 channel impulse responses (CIRs). The measurement was focused on scenarios with LOS (as opposed to LOS blockage), which is the most favorable case for mmWave MIMO communications 2 . A major difference of this paper, as compared to the low-GHz indoor SM/GSM works [3]- [START_REF] Humadi | Experimental results for generalized spatial modulation scheme with variable active transmit antennas[END_REF], lies in the fact that GSM is optimized based on the LOS component of the channel thus making the findings provided in Section IV and Section V novel and unique. 2) We study the channel capacity of GSM using measured channels and compare it with previous theoretical results of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] that were obtained with ideal pure LOS channels. Simulation results with the LOS component of measured channels show good agreement with the results of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF]. Further simulated results show that the NLOS components of the measured channels tend to improve the GSM capacity only when the MIMO antennas are not properly separated. 3) We study the SEP of GSM using measured channels and compare it with previous theoretical results of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] that were obtained with ideal pure LOS channels. Simulation results with the LOS component of the measured channel show good agreement with the results of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF]. However, the measured NLOS components, though 10 dB weaker than the LOS component, show a strong disruptive effect on the SEP of GSM when practical TX and RX are used. With the considered TX and RX schemes, this leads to the recommendation to avoid the reflected paths and exploit only the LOS paths for communication. This finding, of course, depends on the considered TX and RX schemes. Further details are provided in Section V. 4) As compared to ideal deterministic pure LOS channels, the randomness introduced by hardware nonidealities, close reflections (the NLOS components that actually merge into the LOS component due to negligible time dispersion), and more importantly precoding are found to be able to simultaneously improve the GSM capacity and reduce the physical size of MIMO arrays. This finding is a necessary supplement to the SEP optimization of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] and capacity optimization of [START_REF] Liu | Variable-Nu generalized spatial modulation for indoor LOS mmwave communication: Performance optimization and novel switching structure[END_REF]. The rest of the paper is organized as follows. In Section II, we introduce the channel and system models, and the principle of LOS GSM. In Section III, we give details about the channel measurement, including the description of the channel sounder setup, the measurement environment and the post-processing of the measured data. In Section IV, we evaluate and analyze the capacity of GSM over the measured channels. In Section V, we evaluate and analyze the SEP of GSM over the measured channels. Finally, Section VI concludes the paper.

II. PRELIMINARIES

A. Channel Model

As shown in Fig. 2, we consider an N t × N r LOS MIMO system that consists of two arbitrarily placed uniform linear arrays (ULAs), where N t and N r are the numbers of TX and RX antennas, respectively. The antenna separations in the TX and RX ULAs are s t and s r , respectively, and the TX-RX distance is D, which is measured between the center points of the TX and RX ULAs. Geometrically, each ULA has two degrees of freedom, namely the azimuth angle ϕ and the tilt angle β (or equivalently the elevation angle θ = π/2β). Since we are only interested in their relative geometric relations, only three angles are used -the tilt angles β t and β r at the TX and RX, respectively, and the azimuth angle ϕ r at the RX. We limit β t and β r to [0, π/2] yet still being able to cover all cases. The broadsides of the TX and RX arrays are assumed to face each other (but not necessarily parallel to each other) and the main lobes of the antennas of one array are oriented towards the other array such that LOS paths can be established between all pairs of TX and RX antennas. Otherwise, there are no further requirements on the radiation patterns of the array antennas.

For SM/GSM to operate in mmWave indoor environments, antennas with moderate gains of a few dBi are typically necessary [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF]. This suggests the use of directional antennas. Motivated by this, in the channel measurement we use openended waveguides with a moderate gain of about 5 dBi as directional antennas (see Fig. 3). In this paper, we are interested in the performance of GSM achieved with the communication channel that includes the antennas. The antenna gain pattern, which is naturally included in the measured channel responses, is kept as it is (rather than de-embedded or deconvoluted). Due to the directivity of the antennas, the

β t D β r ϕ r z x 1 N t 1 N r
TX array RX array ϕ t = 0 2 2 0 y Fig. 2. LOS MIMO using arbitrarily placed ULAs. The coordinate system is chosen such that the center of the TX ULA locates at the origin and the center of the RX ULA lies on the x-axis. Furthermore, the TX ULA lies in the xz-plane, i.e., ϕt = 0. number of propagation paths is reduced as compared to the case of using omni-directional antennas.

The impulse response of the indoor MIMO channel is commonly described as [START_REF] Ishikawa | Generalized spatial modulation based reduced-RF-chain millimeter-wave communications[END_REF], [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF]- [START_REF] Torkildson | Indoor millimeter wave MIMO: Feasibility and performance[END_REF] 

H(τ ) = H LOS (τ ) + H NLOS (τ ), (1) 
where H LOS and H NLOS are N r × N t matrices respectively representing the LOS and NLOS components of the channel, and τ is the time in the delay domain. The LOS component is assumed to be always present. The j, i-th element of the channel matrix H, which represents the sub-channel between the i-th TX antenna and the j-th RX antenna, is given by [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF], [START_REF] Torkildson | Indoor millimeter wave MIMO: Feasibility and performance[END_REF] 

h ji (τ ) = K k=1 G TX ϕ (k) TX , θ (k) 
TX G RX ϕ (k) RX , θ (k) RX × α (k) ji δ(τ -τ (k) ji ), (2) 
where K is the number of paths, ϕ

TX , θ

TX , ϕ

RX and θ ji /c. For each sub-channel h ji , there is a single LOS path which is contained in H LOS . The other K -1 paths are NLOS and are contained in H NLOS . As for the LOS paths, the α in (2) is given according to the Friis's transmission equation [START_REF] Friis | A note on a simple transmission formula[END_REF] by

α (1) ji = λ 4πd (1) ji , ( 3 
)
where λ is the wavelength of the center frequency, and d

(1) ji is the length of the LOS path between the i-th TX antenna and the j-th RX antenna. As for the NLOS paths, the α in (2) includes, in addition to the path loss, also the reflection coefficient(s) [START_REF] Torkildson | Indoor millimeter wave MIMO: Feasibility and performance[END_REF], and is given by

α (k) ji = λ 4πd (k) ji R r=1 Γ (k) r , k = 2, 3, . . . , K (4) 
where

d (k)
ji is the length of the k-th (NLOS) path between the i-th TX antenna and the j-th RX antenna, Γ (r) r is the reflection coefficient of the r-th reflection of the k-th (NLOS) path that is determined by the material of the surface [START_REF] Sato | Measurements of reflection characteristics and refractive indices of interior construction materials in millimeter-wave bands[END_REF], and R is the number of reflections of the path.

The channel model above provides us with the necessary information for understanding the behavior of the channel. It is worth mentioning, however, that the objective of this paper is to quantify the system performance via measured channels, rather than extracting the above mentioned channel parameters from the measurements. Therefore, the latter issue is left to future analysis.

B. Principle of GSM

In this subsection, we introduce the basic principle of LOS GSM. For ease of presentation, we consider only the (dominant) LOS component of the channel. The impact of NLOS components on the performance of LOS GSM will be considered later in the capacity and SEP analyses in Section IV and Section V.

Since only the LOS component is considered, it is more convenient to use an equivalent form to the H LOS modeled in Section II-A, in which the j, i-th element is alternatively given by

h ji = λ 4πd ji exp(-jkd ji ), (5) 
where k = 2π/λ is the wave number, and j is the imaginary unit. The received signal vector y ∈ C Nr×1 is given by

y = H LOS q m e i x∈S +n = q m k∈Ii h k + n, (6) 
where q m is an IQ (e.g., M -QAM or M -PSK) symbol, and m = 1, . . . , M is the IQ symbol index; e i is a spatial symbol which is an N t × 1 vector containing N u ones (representing the activated TX antennas) and N t -N u zeros (representing the inactivated TX antennas), and i = 1, . . . , Nt Nu is the spatial symbol index; S {q m e i | i = 1, . . . , Nt Nu and m = 1, . . . , M } is the GSM modulation alphabet; x ∈ S is a transmitted GSM symbol; I i {k| k ∈ {1, . . . , N t } and e i (k) = 1} is the set of indices of the activated TX antennas corresponding to the i-th spatial symbol;

h k [h 1k , h 2k , . . . , h Nrk ] T is the k-th column of H LOS ; n ∈ C Nr×1 is the i.i.d.
additive white Gaussian noise (AWGN) vector which has a covariance matrix N 0 I Nr (I Nr is the N r × N r identity matrix). Due to transmission of only a single IQ stream and TX antenna switching, the received signal vector at the RX contains a combination of N u columns of the channel matrix which are multiplied by the same IQ symbol q m . This is different from the SMX, in which the received signal typically contains a combination of multiple columns of the channel matrix which are multiplied by different IQ symbols.

In and a total data rate of log 2

Nt

Nu +log 2 M bpcu. The maximum rate is achieved when N u = N t /2 . This is due to the fact that for a given N t , Nt Nu is a symmetric concave function of N u that is centered around N t /2. In contrast, single-antenna activation SM achieves a spatial rate of log 2 N t bpcu and a total rate of log 2 N t + log 2 M bpcu.

C. Optimal Detection

Under the assumption of a pure LOS MIMO channel, the optimal detector for GSM that is based on the maximum likelihood (ML) principle is well-known to be given by [START_REF] Jeganathan | Spatial modulation: Optimal detection and performance analysis[END_REF] (î, m) = arg max i,m

p y y s i,m , H LOS = arg min i,m y -H LOS q m e i , (7) 
where p y (•) denotes the probability density function (PDF) of y, and • denotes the Euclidean distance.

D. Optimized Channel Conditions

The deterministic nature of the LOS component of the channel gives us the opportunity of optimizing the performance of GSM. Optimization of the capacity and SEP for GSM based on the LOS component H LOS is found in [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF], [START_REF] Liu | Variable-Nu generalized spatial modulation for indoor LOS mmwave communication: Performance optimization and novel switching structure[END_REF]. The relevant findings are as follows.

To minimize the SEP of GSM, H LOS has to be column-orthogonal, which in turn requires the TX and RX antennas to be properly separated. The minimum antenna separation product (ASP) is given by [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] 

s t s r ≈ Dλζ/N r , (8) 
where ζ 1/(cos β t cos β r ) is the so-called tilt factor which measures the degree of tilt of the ULAs. In addition, we need N r ≥ N t ≥ 2, where N r ≥ N t is necessary in order to have N t orthogonal channel columns and N t = 2 is the minimum number of TX antennas needed for SM/GSM to operate. Perfect orthogonality is lost if the actual ASP differs from the optimal value. To measure this, we use an ASP deviation factor η which was previously defined in [START_REF] Bohagen | Construction and capacity analysis of high-rank line-of-sight MIMO channels[END_REF] as

η = Minimum ASP for orthogonality Actual ASP = Dλζ/N r s t s r , (9) 
where the minimum ASP for orthogonality is given in [START_REF] Wang | Generalised spatial modulation system with multiple active transmit antennas and low complexity detection scheme[END_REF]. Note that the term s t s r in the denominator of ( 9) denotes the actual ASP and should not be confused with the optimal ASP (to achieve channel orthogonality) given in [START_REF] Wang | Generalised spatial modulation system with multiple active transmit antennas and low complexity detection scheme[END_REF]. If the actual ASP is larger than the optimal ASP, we have η < 1; if the actual ASP is smaller than the optimal ASP, we have η > 1. In what follows, we use η as an (inverted) normalized ASP. The orthogonality condition ( 8) usually means excess antenna separations and array lengths. In practice it is very likely that the antennas are under-separated, i.e., η > 1. Therefore, in this paper we restrict the study to η ≥ 1.

Actually, to maximize the capacity of LOS GSM, η = 1 tends only to be needed at a moderate signal-to-noise ratio (SNR). At low SNR, beamforming gain is more important and the optimal η tends to be infinity, i.e., the intra-array antenna separations of the TX and RX ULAs should be as small as possible. At high SNR, the optimal η tends to increase with increasing SNR. For example, for a 6 × 6 (N t × N r ) system, the optimal η increases from 1 to 6 when the SNR increases from 5 to 30 dB [15, Fig. 7].

III. CHANNEL MEASUREMENTS

A. Measurement Environment and Scenarios

As far as LOS MIMO communications is concerned, it is especially true that the system performance is primarily determined by the installation of TX and RX antennas and the surrounding environment. The channel sounding campaign was performed in a laboratory/office environment at the Brno University of Technology (see Fig. 4), and the measurement captures two typical use cases of LOS GSM, which we denote as measurement Scenario I and measurement Scenario II. The difference between the two scenarios lies mainly in the measurement site geometry (medium-size laboratory vs. small-size laboratory) and the fact that in Scenario I many reflective surfaces were covered by absorbers.

1) Scenario I: Scenario I accounts for a medium-size laboratory (15 m × 6 m × 2.8 m) that is shown in Fig. 4(a). Absorbers were used to suppress reflections from the floor and metallic table legs. The purpose of using absorbers is two-fold: 1) to make the measured LOS component as much closer to ideal propagation conditions as possible -free of close reflections, i.e., NLOS components that actually merge into the LOS component due to negligible time dispersionbut still allowing reflections from the ceiling and walls, and 2) to better highlight the differences with Scenario II, where no absorbers are used. The TX-RX distance is 3 m and the height of the TX and RX antennas above the ground is 1.2 m.

Both the TX and RX antennas are placed on xy-tables with a sub-millimeter shifting step. As indicated in Fig. 4(a) with red lines, with proper alignment of the TX and RX xy-tables (which, according to Fig. 2, means azimuth angles φ t = φ r = 0, tilt angles β t = β r = π/2, and η = 1), virtual TX and RX ULAs can be emulated using a single pair of antennas. In this scenario, four sets of data were measured corresponding to a 4 × 4 MIMO system with η = 1, 2, 4 and a 6×6 MIMO system with η = 1.

2) Scenario II: Scenario II accounts for a smaller-size laboratory (6 m × 6 m × 2.8 m) (see Fig. 4(b)). In this scenario, the TX-RX distance is reduced to 2.5 m. The TX-RX link is close to a wall on the left side and no absorbers are used to shield the ground and metallic table legs. As a result, a richer scattering environment is created. The antenna hight, tilt angles and measurement procedure are, on the other hand, the same as those of Scenario I. Three sets of data were measured corresponding to a 4 × 4 MIMO system with η = 1, 2, 4 in this scenario. Despite the use of absorbers, Scenario I can be considered to be a representative example of the channel conditions that are typically encountered in the STA-AP sub-scenario of IEEE 802.11 WLAN [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF], where the AP (access point) is installed on the ceiling and the STA (station, or communication device) is placed on a table in the same room. In this regard, Scenario II can be viewed as an emulation of the STA-STA (device to device) sub-scenario of WLAN. In total, we obtained 7 virtual MIMO realizations and 132 CIRs for the two scenarios.

B. 55-65 GHz Channel Sounder

The channel sounder is composed of a vector network analyzer (VNA) and a pair of TX and RX antennas. The MIMO channel is measured by changing the positions of the TX and RX antennas on xy-tables. The channel sounder operates based on the frequency domain measurement principle illustrated in [START_REF] Chandra | Frequency-domain in-vehicle UWB channel modeling[END_REF], [START_REF] Blumenstein | In-vehicle channel measurement, characterization and spatial consistency comparison of 3-11 GHz and 55-65 GHz frequency bands[END_REF] (as opposed to the time-domain principle presented for the mmWave band in [START_REF] Blumenstein | Effects of vehicle vibrations on mm-wave channel: Doppler spread and correlative channel sounding[END_REF]). In the frequencydomain method, a narrow-band continuous wave signal is used to sound the channel and the signal is swept from 55 to 65 GHz with a step size of 10 MHz.

The R&S ZVA67 four-port VNA is utilized to measure the transmission coefficient between TX and RX antennas. Perfect synchronization between the TX and RX is achieved because of the use of a VNA. The system dynamic range of the measurement setup is extended utilizing a broadband power amplifier (QuinStar QPW-50662330), which has a measured gain of 35 dB in the band of interest, on the TX side. Similar to [START_REF] Xu | Spatial and temporal characteristics of 60-GHz indoor channels[END_REF], we use two WR15 open waveguides, which have the radiation pattern as shown in Fig. 3, as the TX and RX antennas. Phase-stable coaxial cables are used in order to avoid the degradation of the measured phase accuracy due to the movements of the TX and RX antennas. A VNA output power of 5 dBm and IF bandwidth of 100 Hz are used. The system's dynamic range of this channel sounder is approximately 50 dB.

Before channel sounding, a full 4-port calibration process was performed including the power amplifier (PA) with WR15 output. Therefore, as we utilize the open-ended waveguide as both the RX and TX antenna, the antenna gains are included in the calibration process.

C. Data Acquisition and Post Processing

As the measurement environment has no moving objects, the measured radio channel is considered to be time invariant. The measured frequency domain channel transfer function (CTF) is given by

hji

(g) = s 21 ji (g), ( 10 
)
where g is any of the measurement frequencies, i, j are, respectively, the indices of the elements of the virtual TX and RX ULAs, and s 21 is the S-parameter representing the transmission from the feed of the TX antenna to the output of the RX antenna. By invserse Fourier transform (IFT), we convert the CTF into the CIR as

h ji (n) = L-1 g=0
hji (g) exp

Å j 2πgn N ã , (11) 
where h ji (n) is the measured discrete version of the ji-th element of the multipath channel H given in (1).

D. Validation of the Measured Data

In short range indoor LOS communications, the channel usually contains a long diffused tail because of reflections [START_REF] Pedersen | Modeling of reverberant radio channels using propagation graphs[END_REF].

In our experiments, we consider a setup where the first few Fresnel zones are free of obstacles, but there are a sufficient number of reflections outside them. As an example, the measured CIRs for a 4 × 4 MIMO system with η = 4 for the two scenarios described in Section III-A are plotted in Fig. 5. We see that the measured LOS component is located at the correct positions for both scenarios -at D = 3 m for Scenario I and at D = 2.5 m for Scenario II. The reason of the presence of the NLOS clusters are discussed in the sub-figures themselves. By comparing Fig. 5 (a) and (b), it is evident that the reflections from the metallic table legs and the ground are effectively suppressed in Scenario I due to the use of absorbers. It is apparent, in addition, that Scenario II represents a richer scattering environment as compared to Scenario I.

As an example, the LOS component of the measured 4 × 4 MIMO with η = 1 is plotted in Fig. 6 for the two scenarios. At 60 GHz, the free space path loss (FSPL) for D = 3 m excluding the TX and RX antenna gains of 5 dBi is 77.6 dB. Taking into account possibly 2 × 1 dB cable and connector losses at the TX and RX, the average measured path loss including the antenna gains should be around 69.6 dB. This is confirmed by direct inspection of Fig. 6(a). It can be similarly verified that the measured mean path loss in Fig. 6(b) is reasonable as well. However, in the sub-figures, we can observe some variations around the expected (theoretical) means, i.e., 0.42 dB and 0.33 dB in Fig. 6 (a) and (b), respectively. These variations are not shown in the corresponding curves for ideal pure LOS channels. We attribute these variations to hardware nonidealities and disturbance from close reflections.

IV. CAPACITY ANALYSIS

In this section, we present simulation results on the capacity of GSM over measured channels. More specifically, we study the performance of the measured LOS component and the impact of the NLOS components of the measured multipath channels on the capacity of GSM. Three case studies are analyzed: 1) the capacity is evaluated with ideal pure LOS channels; 2) the capacity is evaluated with the LOS component extracted from the measured multipath channels; and 3) the frequency-average capacity is evaluated with the measured multipath channels. In addition, the capacity achieved by ideal pure LOS channels is used as a benchmark.

Although the measurement covers a bandwidth of 10 GHz centered at 60 GHz, both the capacity in this section and the SEP in the next section are evaluated by considering a more practical bandwidth of 1 GHz. This bandwidth is still centered around 60 GHz. This is obtained by discarding the CTF that lies outside the band of interest before converting it to the time-domain CIR (see Section III-C).

A. Capacity Evaluation

The LOS component of the measured MIMO channels is not time-dispersive, which means that the relative time delays between the LOS paths are much smaller than the symbol duration. Otherwise, the channel is time-dispersive. The capacity of GSM over non-time-dispersive channels can be evaluated by using [START_REF] Patcharamaneepakorn | Spectral, energy, and economic efficiency of 5G multicell massive MIMO systems with generalized spatial modulation[END_REF] given in Appendix A-1. However, the complete measured channels as shown in Fig. 5 are time-dispersive and therefore are frequency-selective in the sense that the channel coefficients vary over frequency. Based on the same consideration as given in [15, Section III-B], the capacity of GSM over the measured channels is evaluated on a narrow band (frequency-flat) basis by using [START_REF] Patcharamaneepakorn | Spectral, energy, and economic efficiency of 5G multicell massive MIMO systems with generalized spatial modulation[END_REF] and is averaged over frequency. Further details are available in Appendix A-2.

B. Simulation Results

We first concentrate on Scenario I, and the simulation results on the capacity of GSM are shown in Fig. 7. Each sub-figure corresponds to one set of the measured channel data, and the FSPL due to the TX-to-RX distance D is not counted in the SNR that is shown on the abscissa.

1) Capacity of the Measured LOS Component: As far as the orthogonal setups are concerned, i.e., 4 × 4 and 6 × 6 MIMO both with η = 1 as shown in Fig. 7(a)-(b), the LOS component of the measured channels shows identical performance as the ideal pure LOS channels. The effect of the variations in the power of the LOS paths in Fig. 6 is not visible in this case.

As far as the non-orthogonal setups are concerned, i.e., 4 × 4 MIMO with η = 2, 4 as shown in Fig. 7(c)-(d), the capacity of GSM using the LOS component of the measured channels does not perfectly match the curves of the ideal pure LOS channels. Comparing Fig. 7(a), (c) and (d), all for 4 × 4 MIMO but with η = 1, 2 and 4 respectively, we note that, with increasing η, the capacity of GSM using the LOS component of the measured channels is increasingly worse compared to that of ideal pure LOS channels. By direct inspection of Fig. 7, we find that:

• The IQ capacity C 1 of the measured LOS component is worse than that of ideal pure LOS channels with increasing η. Actually, C 1 of the measured LOS component itself is not noticeably worsened for increasing η, but rather it does not show the increment that is shown by ideal pure LOS channels. • The spatial capacity C 2 of the measured LOS component, however, seems to be better than that of ideal pure LOS channels with increasing η. Actually, C 2 of the measured LOS component does not seem to be improved due to increased η, but rather it does not show the deficiency that is shown by ideal pure LOS channels.

To further investigate the impact of hardware nonidealities and randomization of the channel on the GSM capacity, we performed capacity simulations by adding artificial randomness on top of deterministic ideal LOS channels. The randomness may represent the contribution from hardware imperfections, close reflections3 and precoding. More specifically, we are interested in the case of under-separated MIMO setups (i.e., η > 1), which means shrunk physical size of the MIMO arrays. As a result, the following findings were obtained. If the MIMO setup is under-separated (i.e., η > 1), the GSM capacity can indeed be improved by adding sufficient randomness to the channel matrix. We experimented by adding AWGN on top of deterministic LOS channel components, and found that the GSM capacity of 4 × 4 MIMO with η = 10 can be maximized by adding AWGN with a power of at least -3 dB in relation to the average LOS path strength (see Fig. 8). For fairness of comparison, the channel matrices (with/without added randomness) are normalized such that the average strengths of the LOS paths are unitary. Taking a close look at the two sets of curves (with/without channel randomization) for η = 10 in the figure, we see that, at moderate SNR (0-20 dB), the artificial channel randomness added brings clear improvement to the spatial 7. Simulation results on the capacity of GSM (Scenario I). Legend: "Ideal LOS" -ideal pure LOS channels; "Meas. LOS" -LOS component extracted from measured multipath channels; "Meas." -measured multipath channels including both LOS and NLOS components. capacity 4 , while at the expense of marginal degradation in IQ capacity 5 . As a result, the total GSM capacity is improved as compared to the same setup (η = 10) but with ideal LOS paths. Moreover, we see that with the randomness added, the setup with η = 10 achieves superior total GSM capacity than the case with ideal LOS paths and η = 16 .

To sum up, the above results allow us to conclude the following:

• The capacity of GSM as predicted by ideal pure LOS channels in [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] can indeed be achieved in practice with orthogonal MIMO setups. • As for under-separated MIMO setups (i.e., η > 1), channel randomization that may be introduced by hardware imperfections, close reflections and precoding shows the capability to simultaneously improve the GSM capacity and reduce the MIMO array size. • The results in Fig. 8 strongly motivate us to use precoding [START_REF] Perović | Design of a simple phase precoder for generalized spatial modulation in los millimeter wave channels[END_REF], [START_REF] Masouros | Constellation randomization achieves transmit diversity for single-RF spatial modulation[END_REF] with GSM. We thus gain maximized GSM capacity and, more notably, significantly shrunk physical size of the MIMO arrays.

2) Impact of Non-LOS Components on Capacity: The frequency-average capacity is evaluated at the measured frequency points and averaged over a 1-GHz bandwidth that is centered at about 60 GHz. The simulation results are presented in Fig. 7. We notice that the NLOS components of the measured channels show a marginal improvement of the IQ capacity C 1 but no improvement of the spatial capacity C 2 . In summary, the NLOS components of the measured channels provide only marginal improvement on the total capacity C of GSM.

Impact of Richer Scattering and Close Reflections: As far as this case study is concerned, we consider Scenario II, which, in contrast to Scenario I, is characterized by richer scattering and close reflections. After performing capacity evaluations with the measured data of Scenario II and comparing it with the results of Scenario I in Fig. 7 (a),(c) and (d), we have the following findings. Due to space limitation, we show only one figure, i.e., Fig. 9, which corresponds to the case study of 4 × 4 MIMO with η = 4.

• In Scenario II, both the GSM capacity of the LOS component of the measured channels and the frequencyaverage GSM capacity of the measured multipath channels are in agreement with those predicted by using ideal pure LOS channels.

• The frequency-average GSM capacity is improved as compared to the GSM capacity of ideal LOS channels in all cases, i.e., η = 1, 2, 4 (see Fig. 9 for the case of η = 4). By contrast, there was no such improvement in Scenario I in Fig. 7.

V. SEP ANALYSIS

In this section, we study the SEP of GSM over the measured channels. More specifically, we investigate the following case studies: 1) the SEP of GSM over the LOS component of the measured channels, 2) the impact of the NLOS components of the measured multipath channels on the SEP of GSM, 3) the impact of the NLOS components on the SEP of reduced-complexity (for the sake of practicability) GSM systems, and 4) the impact of richer scattering and close reflections on the SEP of GSM. The SEP of GSM over ideal pure LOS channels is used as a benchmark.

A. Simulation Algorithms

As shown in Fig. 5, the measured channels exhibit a time dispersion time of the order of tens of nanoseconds, which causes an intersymbol interference (ISI) of the order of tens of symbols if we transmit at a symbol rate of the order of 1 GHz. To handle the ISI, we use a receiver that is based on single carrier (SC)-frequency domain equalization (FDE) (see Appendix B-2 for details). Another solution to handle the ISI issue could be to use orthogonal frequencydivision multiplexing (OFDM) and apply GSM on a sub-carrier basis. However, per sub-carrier GSM makes it impossible to implement the switching at RF. Instead, baseband switching, which requires N t full TX chains (from baseband to RF), is needed. Accordingly, baseband detection, which requires N r full RX chains (from RF to baseband), is needed. We refer to such a system as having a full-complexity TX and RX. In such a solution, one big motivation for SM/GSM -single-RF TX (and simple detection) -is lost. Since hardware and computational complexity is a major concern at millimeter frequencies, the per-subcarrier GSM option is not studied in the present paper. The interested reader may find further details in [START_REF] Yang | Single-carrier SM-MIMO: A promising design for broadband large-scale antenna systems[END_REF]. In SC-FDE GSM, on the other hand, a simple TX based on RF switching can still be used. We refer to such a system as having a simple TX but full-complexity RX.

Despite of a simple TX, SC-FDE GSM still requires a full-complexity RX, which implies N r full RX chains from RF to baseband. This may be acceptable in practice if N r is a small number. In current implementations of mmWave MIMO systems, however, it may not always be practical to dedicate a separate RF chain to each available antenna [START_REF] Heath | Millimeter wave MIMO: A signal processing perspective[END_REF], [START_REF] Ayach | Spatially sparse precoding in millimeter wave MIMO systems[END_REF]. Motivated by these implementation constraints, we study the SEP performance of a low-complexity reception scheme which does not necessitate N r RF chains and is based on a detection algorithm without equalization (see Appendix B-3 for details). In this proposed algorithm, the NLOS components of the channel are ignored and only the LOS component is used for detection. This scheme, besides avoiding both full TX and full RX complexities, leads to a simple RX that can be implemented based on RF phase shifters and a single IQ down-conversion and sampling chain [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF]. We refer to such a system as having full simplicity.

B. Simulation Results

Similar to the capacity analysis in Section IV, we first concentrate on Scenario I and subsequently study Scenario II and compare it with the former case study.

1) SEP over Pure LOS Channels: To study the SEP of GSM over the extracted LOS component of the measured multipath channels, the direct ML detection algorithm without FDE given in ( 7) is used and the simulation results are presented in Fig. 10. The findings are as follows.

We observe that the SEP of GSM over ideal LOS channels is better if η = 1 (in Fig. 10 (a) and (b)) as compared to that for η > 1 (in Fig. 10 (c) and(d)). This agrees with the prediction of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] that the SEP of GSM in the pure LOS scenario can be minimized by making the channel orthogonal (i.e., η = 1).

If the MIMO setup is non-orthogonal (i.e., η = 1), on the other hand, the nonidealities -the fluctuations of the measured magnitudes as shown in Fig. 6 -in the measured LOS component can play an important role. As shown in Fig. 10 (c) and (d), if the MIMO setup is non-orthogonal but with reduced ASP, i.e., η > both the SEP over ideal LOS channels and the SEP over the LOS component of the measured channels deteriorate and are worse for larger η. In this latter case, however, we notice that the SEP over the component of the measured channels is much better than that over ideal pure LOS channels. This is mostly visible in Fig. 10(d), where the SEP over the measured LOS component is better than that over the corresponding ideal pure LOS channel by 5 dB at an error probability equal to 10 -3 .

Based on this experimental study, we conclude that the simulation results agree with the prediction of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] that the SEP of GSM in the pure LOS scenario can be minimized by making the MIMO channel orthogonal. Nonidealities in the measured LOS component, however, are likely to play an important role and greatly improve the SEP of GSM if the MIMO antennas are under-separated.

To further investigate the role played by the aforementioed nonidealities, we apply the precoding method of [START_REF] Perović | Design of a simple phase precoder for generalized spatial modulation in los millimeter wave channels[END_REF] to the set of channel data that is used in Fig. 10(d). The simulation results are plotted in Fig. 11. It is shown that pure precoding and precoding on top of the nonidealities show similar error performance which is about 6 dB improvement with respect to the ideal LOS channel at high SNR. In the example, roughly 5 dB gain is attained by the nonidealities even without precoding. On top of that, precoding has another 2 dB gain, but at the expense of extra hardware (see [START_REF] Perović | Design of a simple phase precoder for generalized spatial modulation in los millimeter wave channels[END_REF] for details of the precoding structure).

2) Multipath Channel with SC-FDE Reception: Here we study the SEP of GSM over the measured multipath channels by considering the SC-FDE reception scheme that is given in Appendix B-2. As for orthogonal MIMO setups (i.e., η = 1), Fig. 10 (a) and (b) show that the SEP of GSM over measured multipath channels with FDE reception is slightly worse (within 2 dB in terms of SNR) than that over the extracted LOS component of the measured multipath channels. As for MIMO setups with reduced ASP (i.e., η > 1), on the other hand, Fig. 10 (c) and (d) show that the SEP over measured multipath channels with SC-FDE reception is significantly worse (e.g., 10 dB in SNR at an SEP level equal to 10 -3 ) than that of the extracted LOS component of the measured multipath channels.

These findings lead to the conclusion that, as far as the SC-FDE reception scheme is concerned, the NLOS components are harmful to the error performance of GSM if the LOS component is present (i.e., not blocked). From the SEP perspective, as a result, the NLOS components deteriorate the achievable performance of GSM. From the implementation perspective, despite of a simple TX, a full-complexity RX is still needed to handle the ISI introduced by multipath propagation. Moreover, the signal processing associated with FDE, which includes fast Fourier transform (FFT), inverse fast Fourier transform (IFFT), and matrix inversion, can lead to a power hungry RX for giga-symbols-per-second systems. From the capacity perspective, on the other hand, Fig. 7 shows that the impact of the NLOS components is marginal and cannot notably improve the capacity of LOS GSM (see Section IV). These findings strongly motivate us to consider eliminating the NLOS components in the LOS scenario. Thanks to the specular nature of indoor propagation, the NLOS components can be avoided by using antennas with sufficient directivity or phased sub-arrays as shown in [START_REF] Torkildson | Indoor millimeter wave MIMO: Feasibility and performance[END_REF] for LOS SMX. This in turn helps to increase the antenna gain and improve the received SNR.

3) Multipath Channel with Un-Equalized Reception: In the previous paragraph, we have concluded that the NLOS components of the channel in the LOS scenario should be avoided. If the NLOS components are eliminated, ideally the channel becomes pure LOS and the received signal could be detected without the need of equalization. Motivated by this consideration, we study the potential of suppressing the NLOS components by discarding the measured CIR beyond a given maximum path length dp max and study the SEP of GSM over the truncated measured channels. As mentioned, equalization is not needed in this case and, thus, we consider the lowcomplexity detection algorithm described in Appendix B-3. The simulation results are presented in Fig. 12. The SEP of GSM over the extracted LOS component of the measured channels is used as a benchmark.

Based on Fig. 5(a), we evaluate two case studies: dp max = 4 m and dp max = 6 m. As for dp max = 6 m, the SEP of GSM over the the truncated measured channels is significantly worse than that over the measured LOS component at moderate SNR (about 5 dB worse at an SEP level 10 -2 ). At high SNR, the SEP is limited by an error floor. The poor SEP performance is attributed to the reflected paths with path lengths in the range of 4.5 -6 m in Fig. 5(a). If we reduce dp max to 4 m, which, in the considered setup, implies that all the major NLOS paths are eliminated, the SEP becomes reasonably good -within 2 dB in SNR as compared to that of the measured LOS component.

In conclusion, our experimental study shows that a simple RX without equalization may be a suitable low-complexity solution for LOS GSM communications, provided that the NLOS components are eliminated. Fig. 10. Simulation results on the SEP of GSM over the measured channels (Scenario I). Legend: "Ideal LOS" -ideal pure LOS channels and using the ML detection algorithm as given in [START_REF] Wolniansky | V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel[END_REF]; "Meas. LOS" -LOS component extracted from the measured multipath channels and using [START_REF] Wolniansky | V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel[END_REF]; "Meas." -measured multipath channels including both LOS and NLOS components and using the SC-FDE algorithm as given in Appendix B-2. Fig. 11. Effect of precoding on the SEP of GSM. The setup and channel data are the same as Fig. 10(d). Legend: "Ideal LOS" -ideal pure LOS channels and using the ML detection algorithm as given in [START_REF] Wolniansky | V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel[END_REF]; "Meas. LOS" -LOS component extracted from the measured multipath channels and using [START_REF] Wolniansky | V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel[END_REF]; "Meas. LOS + Precoding" -Precoding is used on top of "Meas. LOS".

4) Impact of Richer Scattering and Close Reflections:

As in Section IV-B3, we consider Scenario II and run the same set of simulations as the one used to generate Fig. 10 (a),(c) and (d). The representative results are illustrated in Fig. 13. The findings are as follows.

• As shown by the "Meas. LOS" curves in Fig. 13, close reflections destroy to some extent the channel orthogonality in the case of η = 1 thus degrading the GSM SEP (see Fig. 13 (a)). However, if the MIMO setup is largely underseparated, i.e., η >> 1, the GSM SEP can be improved by the randomness introduced by close reflections (see Fig. 13 (b) for the case of η = 4). • As shown by the "Meas." curves in Fig. 13, the NLOS components of the channel in the richer scattered environment produce results that lead to the same conclusions as those made for Scenario I in Section V-B2, i.e., NLOS components are generally harmful to the error performance of GSM because equalization would then be needed while the SEP can be even worse than the extracted LOS 12. Simulation results on the SEP of GSM over the measured channels (Scenario I). Legend: "Meas. LOS" -LOS component extracted from the measured multipath channels and using [START_REF] Wolniansky | V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel[END_REF]; dpmax -measured multipath channels and using the algorithm given in Appendix B-3, but the MIMO CIRs are truncated to include only paths with a path length not exceeding dpmax. 

VI. CONCLUSIONS

In this work, we performed channel sounding at 60 GHz in an indoor office environment and studied the capacity and SEP of GSM based on measured channel data. The major findings are as follows:

1) The capacity and SEP of GSM given in [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] based on ideal pure LOS analysis can indeed be achieved with the LOS component of the measured channels. The SEP of GSM in the LOS scenario can be minimized by properly separating the TX and RX antennas and making the MIMO channel orthogonal. Thus previous theoretical work in [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] is validated. 2) For capacity optimization, our results strongly suggest that precoding should be used with LOS GSM to simultaneously achive GSM capacity maximization and MIMO array size reduction. This finding is a necessary supplement to the SEP optimization of [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF] and capacity optimization of [START_REF] Liu | Variable-Nu generalized spatial modulation for indoor LOS mmwave communication: Performance optimization and novel switching structure[END_REF]. 3) The NLOS components of the measured channels, although can marginally improve the frequency-average capacity of GSM, are actually harmful for GSM in the presence of the LOS component. In communications with a symbol rate of the order of 1 GHz, the ISI introduced by the NLOS components spans tens of symbols. SC-FDE can handle this ISI but at the expenses of an increased hardware and signal processing complexity and a worse SEP as compared to the measured LOS component. 4) Despite of the cost and complexity introduced by the implementation of the equalizer, the SEP of SC-FDE GSM over multipath channels is worse than that over the measured LOS component and with direct detection. It is thus suggested to avoid the NLOS components in the LOS scenario and design GSM communication systems that solely rely on LOS paths. As a result, a system with full simplicity (i.e., with both a simple TX and RX) can be used to achieve GSM communication, provided that the reflected paths are eliminated. 5) When the MIMO setup does not fulfill the orthogonality condition, i.e., η = 1, the SEP of GSM deteriorates over both the LOS component of the measured channels and the ideal pure LOS channels. However, the nonidealities in the measured LOS component showed potential to improve the SEP as compared to the ideal pure LOS channels. This suggests that channel randomness introduced by hardware nonidealities, close reflections and precoding can improve the SEP of GSM when the array antennas are largely not sufficiently separated (in regard to the orthogonal setup). It has to be noted that the conclusion that the NLOS components are harmful and should be avoided is made based on using practical detectors. However, the capacity analysis shows that this may not be true if a capacity-achieving detector is used. This highlights that more complicated/optimal receivers may be needed in order to take advantage of the NLOS channels -even though the gain is expected not to be very significant. This research issue is left for further work.

APPENDIX A CAPACITY EVALUATION ALGORITHMS

1) Frequency-Flat Channels: For capacity calculation, the system model given in [START_REF] Foschini | Layered space-time architecture for wireless communication in a fading environment when using multi-element antennas[END_REF] for LOS channels and discrete IQ symbols is extended into a more general form for any frequency-flat channels and a continuous-envelope IQ signal as y = He i s

+ n = s k∈Ii h k + n, (13) 
where H is an N r × N t matrix of frequency-flat channel coefficients, h k is the k-th column of H, s is the (complex) IQ signal, and e i and n are as defined in [START_REF] Foschini | Layered space-time architecture for wireless communication in a fading environment when using multi-element antennas[END_REF]. According to [14, Theorem 1], the capacity achieved by GSM, using zero-mean complex Gaussian (ZMCG) signaling in the IQ domain and uniform signaling in the spatial domain, is given by ( 12) on page 

(y|i) = 1 |πΓ i | exp î -y H Γ -1 i y ó , (14) 
where Γ i ∈ C Nr×Nr is the co-variance matrix of y given by

Γ i = E s N u •   k∈Ii h k     k∈Ii h H k   + N 0 I, (15) 
where H and h k are defined in [START_REF] Liu | Space shift keying for LOS communication at mmWave frequencies[END_REF], and γ E s /N 0 is the SNR. Note that we refer to the conceptual TX model shown in Fig. 1 and do not consider the power loss introduced by the switch. As a result, E s can be viewed as the average transmit power and γ can be interpreted as the average transmit power to noise power ratio.

2) Frequency-Selective Channels: In frequency-selective channels, the channel coefficients vary over frequencies. We calculate a frequency-average capacity of GSM as

C avg = K k=0 C 1 H f (k), γ C1,avg + K k=0 C 2 H f (k), γ C2,avg , (16) 
where C 1,avg and C 2,avg are the frequency-average IQ and spatial capacities respectively, H f (k) given in [START_REF] Osman | Variable active antenna spatial modulation[END_REF] is the channel coefficients at the k-th frequency position. The above frequency-average capacity can be realized using an OFDMstyle waveform, i.e., each sub-carrier is treated as an individual GSM channel with its own IQ stream and spatial modulation.

APPENDIX B LINK-LEVEL SIMULATION

1) Transmission: For unified presentation of both algorithms, the link level transmission is assumed to be on a block basis: each K subsequent GSM symbols are regarded as a block, and a cyclic prefix (CP) of length at least L -1, where L is the maximum number of channel taps, is added to each block at the TX. At the RX, the CP is first removed (before equalization or detection), thus the inter-block interference is avoided. The block of K GSM symbols, after being mapped to the TX antennas, can be expressed as

X =     x 1 (1) • • • x 1 (K)
. . . . . . . . .

x Nt (1)

• • • x Nt (K)     ∈ C K×Nt , (17) 
where x i (k) denotes the transmitted signal on the i-th TX antenna within the k-th time slot. The block representation of the noise signal N and received signal Y are defined likewise.

The transmission for one block, without explicitly showing the CP insertion and removal, can be expressed as

              y 1 (1)
. . . 

H Nr1 • • • H NrNt     H              
x 1 (1) . . .

x 1 (K) . . .

x Nt (1) . . . 

x Nt (K)               x +               n 1 ( 
matrix composed of the sampled version of the CIR h ji (τ ) in ( 2) (sampled at symbol rate) and is given by

H ji =       h ji (0) h ji (L -1) • • • h ji (1) h ji (1)
h ji (0) • • • h ji (2) . . . . . . . . . . . .

h ji (L -1) h ji (L -2) • • • h ji (0)       , (19) 
where h ji (k) is the k-th sample of h ji (τ ).

2) FDE Reception: The time-domain block transmission model given in [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF] can be converted into the frequency domain using the discrete Fourier transform (DFT) as [START_REF] Sugiura | Single-RF spatial modulation requires singlecarrier transmission: Frequency-domain turbo equalization for dispersive channels[END_REF] (I Nr U)

• ȳ ȳf = Λ • (I Nr U) • x xf + (I Nr U) • n nf , (20) 
where U = F/ √ K, with F = [exp(-j2πkl)] for k, l = 0, 1, . . . , K -1, is the unitary DFT matrix, is the Kronecker product operator, and

Λ =     Λ 11 • • • Λ 1Nt . . . . . . . . . Λ Nr1 • • • Λ NrNt     (21) 
with Λ ji being a diagonal matrix of the frequency domain channel response between the i-th TX antenna and the j-th RX antenna given by

Λ ji = diag Uh ji . (22) 
It is important to note that, xf , nf , and ȳf are the equivalent frequency-domain versions of x, n respectively, and ȳ and ( 20) is the equivalent frequency-domain model of the time-domain block-wise transmission system in [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF]. As a result, xf can be recovered by frequency domain equalization as

x † f = W ȳf ( 23 
)
where W is the frequency-domain equalizer, and x † f is the equalized frequency domain signal. For the considered SC-FDE receiver, the equalizer can be designed according to the zero forcing (ZF) or minimum mean square error (MMSE) criterion. It is well-known that the latter has superior performance, since it takes into account the noise power and eliminates the noise amplification issue. Furthermore, MMSE equalization has been commonly used in other SC-FDE systems for 60 GHz communications [START_REF] Park | Short-range wireless communications for next-generation networks: UWB, 60 GHz millimeter-wave WPAN, and ZigBee[END_REF]- [START_REF] Hsiao | A 7Gb/s SC-FDE/OFDM MMSE equalizer for 60GHz wireless communications[END_REF]. Hence, we also use MMSE equalization, which is given by [START_REF] Sugiura | Single-RF spatial modulation requires singlecarrier transmission: Frequency-domain turbo equalization for dispersive channels[END_REF] 

W MMSE = Λ H N t Ç ΛΛ H N t + N 0 I NrK å -1 (24a) = Ç Λ H Λ N t + N 0 I NtK å -1 Λ H N t , (24b) 
where (24b) is known as the alternative form of the MMSE equalizer which is obtained by applying the matrix inversion lemma [40, (9)] to (24a). The alternative form is more computationally efficient than the original form for N r > N t .

Once the received signal is equalized, it is converted back into the time domain as

x † = Ä I Nt U H ä x † f . (25) 
Finally, we use ML detection to recover the GSM symbols as ó T is the un-stacked version of x † , the mapping of x † i (k) in x † is similar to the mapping of x i (k) in x in [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF]. For the whole block, we have " X = [x(1), x(2), . . . , x(K)]. If no error occurs, we have " X = X. The simulated SEP is calculated as the ratio of the number of wrongly detected GSM symbols to the total number of GSM symbols sent.

3) Un-Equalized Reception: In the non-equalized reception, following [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF], the received signal is directly detected without conversion into the frequency domain. The ML detection in this case is written as 

where H LOS is the LOS component of the measured channel, y(k) = [y 1 (k), y 2 (k), . . . , y Nr (k)] T is the received signal given in [START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF]. The simulated SEP is calculated similarly as above in the previous case.
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 1 Fig. 1. Conceptual architecture for SM/GSM MIMO.

  are, respectively, the TX azimuth, TX elevation, RX azimuth and RX elevation angles of the k-th path, G TX and G RX are, respectively, the TX and RX gains in the direction of the path, α (k) ji is the amplitude of the path, δ(•) is the Dirac delta function, and τ (k) ji is the propagation delay of the path. The path delay is related to the path length d
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 3 Fig. 3. Measured gain pattern of the open-ended waveguide antennas in the E-and H-planes.
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 4 Fig. 4. The measurement site. All dimensions in (b) are in meters.
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 5 Fig. 5. Measured CIRs for 4 × 4 MIMO with η = 4. All 16 CIRs are plotted in each sub-figure.
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 16 Fig.6. Magnitudes of measured LOS paths (including TX and RX antennas) vs. the magnitudes of simulated LOS paths (excluding TX and RX antennas). The mean and standard deviation of the measured magnitudes are evaluated in dB scale and indicated with magenta lines.
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 20120201202020 Fig.7. Simulation results on the capacity of GSM (Scenario I). Legend: "Ideal LOS" -ideal pure LOS channels; "Meas. LOS" -LOS component extracted from measured multipath channels; "Meas." -measured multipath channels including both LOS and NLOS components.
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 208209 Fig.8. Effect of channel randomization on the capacity of GSM. The MIMO size is 4 × 4, and "LOS+Rand." refers to that AWGN with -3 dB power in relation to the average LOS path strength is added on top of the deterministic LOS channel component. For fairness of comparison, the channel elements are all normalized to unit average power.
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 120 Fig.[START_REF] Patcharamaneepakorn | Spectral, energy, and economic efficiency of 5G multicell massive MIMO systems with generalized spatial modulation[END_REF]. Simulation results on the SEP of GSM over the measured channels (Scenario I). Legend: "Meas. LOS" -LOS component extracted from the measured multipath channels and using[START_REF] Wolniansky | V-BLAST: An architecture for realizing very high data rates over the rich-scattering wireless channel[END_REF]; dpmax -measured multipath channels and using the algorithm given in Appendix B-3, but the MIMO CIRs are truncated to include only paths with a path length not exceeding dpmax.
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 120 Fig.[START_REF] Liu | Space shift keying for LOS communication at mmWave frequencies[END_REF]. results on the SEP of GSM (Scenario II). The legend terms are the same as in Fig.10.

  x(k) = arg min x∈S x † (k)x 2 ∀k = 1, 2, . . . , K, (26) where x † (k) î x † 1 (k), x † 2 (k), . . . , x † Nt (k)

  x(k) = arg min x∈S y(k) -H LOS x 2 ∀k = 1, 2, . . . , K,

  [START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF], where C 1 and C 2 are the IQ and spatial capacities respectively, E s E[|s| 2 ] is the average energy of the IQ symbol, E y|i [•] is the expectation over the conditional random vector y (conditioned on i), p(i) is the probability mass function (PMF) of i, p(y|i) is the conditional PDF of y given by p

We investigated VGSM[START_REF] Liu | Variable-Nu generalized spatial modulation for indoor LOS mmwave communication: Performance optimization and novel switching structure[END_REF] as well and found that the major claims of this paper generally also apply to VGSM.

This statement is opposite to that for low-GHz MIMO, in which common belief is that NLOS and rich scattering are beneficial. For low-GHz MIMO, a rich scattering environment helps to achieve low channel correlation and a high rank channel matrix, thus facilitating simultaneous transmission of multiple data streams. At mmWave frequencies, owing to high reflection and penetration losses, the LOS component is dominant in the indoor MIMO channel. SM/GSM[START_REF] Liu | Space shift keying for LOS communication at mmWave frequencies[END_REF],[START_REF] Liu | Line-of-sight spatial modulation for indoor mmWave communication at 60 GHz[END_REF],[START_REF] Ishikawa | Generalized spatial modulation based reduced-RF-chain millimeter-wave communications[END_REF] and SMX[START_REF] Bohagen | Design of optimal high-rank lineof-sight MIMO channels[END_REF],[START_REF] Torkildson | Indoor millimeter wave MIMO: Feasibility and performance[END_REF] MIMO schemes have been optimized to rely on LOS rather than NLOS propagation.

It has to be noted that along with the channel randomization effect, close reflections may have a cancellation effect. For example, table reflections can be out of phase[START_REF] Maltsev | Channel models for 60 GHz WLAN systems[END_REF] and the dominant effect may be performance degradation rather than enhancement due to cancellation.

This is because the spatial capacity (C 2 in (12)) is limited by small Euclidean distances between certain pairs of the RX-side spatial symbols, which arose from the under-separation of the MIMO setup, and the randomness added increased the small Euclidean distances statistically such that the spatial symbols became less ambiguous.

This is because, due to the randomness added, the average array gain for IQ domain transmission is reduced. To further elaborate, we know from the maximal ratio combining (MRC) principle that, when the noise level is equal over different branches, the optimum strategy is to have equal gains. In our system, the noise level is indeed assumed to be equal over different RX branches, thus the variations in the LOS path strength introduced by artificial randomness degrades array gain and reduces the IQ capacity.

A side comment is that, as compared to the case with orthogonal MIMO setup (η = 1), higher IQ capacities are shown in the two cases with underseparated MIMO setup (η = 10). This is because there is no TX array gain in the orthogonal setup. While in the under-separated setup, certain amount of TX array gain is exhibited due to reduced antenna separations.
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