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Abstract

:

Although the deployment of 5G networks has already started, there are still open questions regarding propagation at millimeter-wave frequency bands. Several propagation campaigns have been carried out at several bands previously identified by regulatory organizations, but due to the wide range of allocated segments of spectrum and the variety of possible propagation scenarios, more measurement campaigns are needed. In this regard, the Universidad Politécnica de Madrid (UPM) has taken millimeter-wave measurements at 26, 32, and 39 GHz bands in an indoor corridor scenario in line-of-sight (LOS) conditions with two antenna configurations (a horn antenna has been used in transmission whereas horn and omnidirectional antennas have been used in reception), and the main results are presented in this paper. The obtained path loss results have been compared with existing millimeter-wave propagation models.
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1. Introduction


One of the four main requirements for 5G deployment is the use of millimeter-wave bands [1] (commonly defined to include the frequency range from 10 to 300 GHz [2]). These bands have traditionally been intended for fixed, backhaul connections, but they may also be used to provide mobile network coverage (up to several tenths of meters) in indoor user scenarios. The International Telecommunication Union Radiocommunication Sector (ITU-R) has proposed a roadmap to develop “International Mobile Telecommunications (IMT) for 2020 and beyond”, setting up the stages for the 5G research activities [3]. Nowadays, the focus is being drawn towards very high frequency bands reaching up to the D band and the sub-THz bands for beyond 5G technologies (with several campaigns being conducted at such bands [4]).



The ITU-R in the World Radiocommunication Conferences of 2015 [5] and 2019 [6] identified the frequency bands 24.25–27.5 GHz and 37–43.5 GHz for use by administrations wishing to implement the terrestrial component of IMT and kept an allocation of the 32-GHz band for mobile services. Based on that, several countries [7,8] and companies [9] have provisionally identified possible bands to be utilized in the short-, middle-, and long-term. Three of these are the 24.25–27.5 GHz, 31.8–33.4 GHz, and 37–40.5 GHz (hereinafter named as 26, 32, and 39 GHz bands, respectively) [10].



A significant number of research groups have conducted or are conducting propagation campaigns, an extensive list of which can be found in [11]. Most of the collected data from past experimental campaigns have served for the development of models oriented specifically to millimeter-wave, such as the 5GCM [11], 3GPP 5G [12], ITU-R Rec. P.1238-10 [13], mmMAGIC [14], and METIS [15] models. These have provided several formulations for estimating the path loss at different scenarios and at a wide range of frequencies. Although they use similar regression fittings—such as the close-in (CI), floating intercept (FI), close-in with frequency dependency (CIF), and alpha–beta–gamma (ABG)—their provided coefficients are usually different. This occurs because of the differences between the propagation experiments, such as different type of antennas, measured frequencies, scenario, and environment characteristics. Measurements in a variety of propagation scenarios and bands are necessary for characterizing the channel properly, in order to validate the existing channel models and to develop new ones.



Characterizing the propagation in indoor scenarios (InH, Indoor Hotspot) is of great interest. The richness in multipath contributions caused by reflections and diffractions in surrounding objects (including walls and floor) and people, and the guiding effect in hallways or corridors are some of the distinctive features for this scenario. The Rec. ITU-R P.2040-1 [16] states that a building structure such as a corridor can be considered as a waveguide, this theory shows good agreement with other measurement propagation characteristics in the corridor in the frequency range from 200 MHz to 12 GHz with no pedestrian traffic (as the type of measurements used here).



Recent campaigns have been reported results at several indoor scenarios such as [17], where measurements at 28 GHz have been collected in an indoor industrial scenario; channel measurements at the same frequency band are presented for a library environment in [18] and for a subway platform and for a factory environment in [19]; path loss measurements at 31 GHz have been provided in [20] for two distinct indoor airport buildings; also, path loss at three frequency bands (12.55–14.15 GHz, 25–28.3 GHz, and 67–73 GHz) and for two environments (factory and corridor) have been analyzed in [21]. The frequency bands of 26, 32, and 39 GHz have been addressed in [22] with LOS conditions in a hall scenario with common obstruction in such environment, focusing on the delay spread and modeling the path loss results with the CI fitting. Measurements in an indoor corridor at 19, 28, and 38 GHz bands have been presented in [23], and their path loss results were fitted with functions such as the CI, FI, CIF, and ABG (the two last for only one frequency).



The recommendation ITU-R P.1238-10 [13] collects several sets of power loss coefficients (N = 10·n, with n being the path loss exponent, PLE), floor penetration loss factors and standard deviation of shadow fading for frequencies ranging from 0.8 to 325 GHz and several indoor scenarios such as Residential, Office, Commercial, Factory, Corridor, and Data Center. Nevertheless, there are various frequency bands for which no coefficients are provided.



According to the above, the number of campaigns conducted at lower and middle millimeter-wave bands (from 6 to approximately 40 GHz) may be considered as not enough in order to fully characterize the propagation channel in a wide number of scenarios and propagation conditions. Thus, more campaigns are needed for adequately characterizing the channel.



The GTIC Radiocommunication research group of the UPM is carrying out a propagation measurement campaign to assess path loss at millimeter-wave frequencies in indoor scenarios. The available equipment can reach up to 40 GHz.



The objective of this paper is to present the path loss results at three millimeter-wave frequency bands, namely 26, 32, and 39 GHz, taken in an indoor corridor scenario with LOS condition, to provide the path loss fitting coefficients, and to carry out a statistical analysis of the deviations between the measurement results and the fitted models. More specifically, the main objective is to estimate the coefficients for several regression fittings (such as the CI, FI, CIF, and ABG) and to compare them with those provided in the literature for 5G and similar scenarios. Regarding the deviations between measurements and models, both flat (shadow) fading and frequency-selective (multipath) fading are analyzed. Preliminary results for the 26 and 39 GHz path loss measurements were presented in [24,25]. In summary, we contribute with new measurements for the corridor scenario for which not many results have been previously published, and we carry out an analysis regarding the frequency-selective fading, which has been less treated in millimeter-wave campaigns.



After this introduction, the remainder of this paper is structured as follows: In Section 2, the experimental setup and the processing applied to the data are described in detail. The path loss fitting models are presented in Section 3. Section 4 presents the measurement results for the InH corridor and their CI, FI, CIF, and ABG fittings and compares these with millimeter-wave available models (i.e., the 3GPP 5G, 5GCM, ITU-R P.1238-10 Rec., and mmMAGIC); the analysis of flat and frequency-selective fading is also presented in this section. Finally, some conclusions are drawn in Section 5.




2. Millimeter-Wave Experimental Setup


Channel sounders are the equipment commonly used to characterize the propagation channel but are quite expensive. The experimental setup presented here is more affordable compared with channel sounders, although it has limitations in the amount of analyses that can be carried out.



The millimeter-wave setup is composed by a transmitter and a receiver unit. Figure 1 shows a block diagram of the complete setup with some of the main equipment characteristics. Two antennas are connected to the transmitter unit (via the switch in Figure 1), although only one is used for this experiment.



The surrounding structures and materials have a great impact on the propagation. Indoor propagation is affected by reflections in the objects (including walls and floor) and diffraction around them; transmission loss through walls, floors, and other obstacles; channeling of energy, especially in halls; and the movements of people and objects in the room, including one or both ends of the radio link [13].



The InH measurements were taken in a typical corridor scenario at the UPM in LOS condition at distances ranging from 3 to 65 m, approximately. The corridor cross-section is 2.41 m wide by 2.89 m high, with wooden doors, walls of lightweight concrete, and a false ceiling of gypsum along it (the corridor can be seen in the background in Figure 2). There are also emergency doors, which remained open during all measurements. In addition, several small metallic trash bins, fire extinguishers, wooden shelves with crystals, and a metallic water dispenser are placed along the corridor. During the measurements, the corridor was clear of people.



2.1. Transmitter Unit


The transmitter unit is seen in the left side of Figure 1. The first device is an N5173B ENG-X-513 signal generator that can reach up to 13 GHz and delivers an output power of 10 dBm. This generator—from Keysight Technologies, Santa Rosa, CA, USA, as are also the RF LNA (Low Noise Amplifier) amplifiers, the downconverter, the intermediate frequency (IF) amplifiers, and the oscilloscope on the receiver side—delivers a simple RF tone. To reach the bands of interest, an order-four frequency multiplier MAX4M260400 from Miteq is used. The switching device seen after the multiplier and before the antennas is not necessary for this campaign (it is used for other types of measurements). This device has no further impact than its loss.



The antenna used for transmission is a pyramidal horn QSH-SL-26-40-K-20 from Steatite Q-par Antennas, Leominster, UK (see Figure 2a top), with a gain from 17.7 to 20.9 dBi and a 3dB beam-width from 22 to 14 degrees in the 26 to 40 GHz range. The transmitter setup is seen in Figure 2b on a trolley.




2.2. Receiver Unit


This unit is represented in the right part of Figure 1. Two receiving antennas are used: the same horn antenna type used in the transmitter and an omnidirectional QOM-SL-26-40-K-SG-R from Steatite Q-par (see Figure 2a bottom), with a gain from 2 to 4 dBi in the 26 to 40 GHz range.



The signal is received simultaneously with the two antennas and the corresponding receiving chains. After each of the two receiver antennas, a USB U7227F-8F amplifier (RF LNA in Figure 1) is used. The amplified signals are fed into an M9362AD01-F50 quad downconverter located on a PXI (PCI eXtensions for Instrumentation, which is a commonly used modular instrumentation platform) M9018A controlled by a PC. In the downconverter, each signal is translated to an 11.4-MHz IF by multiplying them with a LO (local oscillator) signal that comes from a signal generator identical to the one in the transmitter side. The LO signal is attenuated with a 10-dB SA40-15 attenuator to meet the 4-dBm limitation in the downconverter input power.



The resulting signals from the down-converter are amplified by an IF M9352A-H02 amplifier/attenuator. These down-converted and amplified signals are captured with a four-channel DSOS104A oscilloscope. Each received signal is approximately a 11.4-MHz tone, with a drift of few hundreds of Hz caused by differences in the generator frequencies. These signals are captured by the oscilloscope at 40 Msamples/s. The captures last 3 s (limited by the amount of memory available at the oscilloscope). The receiver unit, mounted on a trolley, can be seen in Figure 2c together with the corridor where the measurements were taken.



The main characteristics of the different devices are collected in Table 1.




2.3. Data Gathering and Processing


After gathering the measurements, the two signals captured by the oscilloscope are saved as HDF5 files in the oscilloscope, and a MATLAB-based processing stage is applied. The first part of this processing consists in down-converting the signals to a nominal frequency of 10 kHz and down-sampling to 40 ksamples/s. The actual frequency will have a drift of a few hundreds of Hz, as previously mentioned.



In the next step, an 8th-order band-pass Butterworth filter with a 2-Hz bandwidth is used to remove noise. Since the signal is essentially a 3 s portion of a sinusoid, the filter bandwidth can be made very small to increase the signal to noise ratio but should be larger than the inverse of the signal duration.



To compensate the frequency drift, the filter is applied at different, closely spaced positions in a ±1-kHz range around the nominal frequency of 10 kHz, and the position that maximizes the output power is selected. The resulting powers for the two received signals are recorded. Computation of the path loss from the received power is done by means of a calibration step, which will be described later.



Measurements are taken for eight frequency values centered approximately at 26, 32, or 39 GHz, covering a 140-MHz bandwidth in steps of 20 MHz, and this process is done three times for each distance. The resulting 24 values are averaged, so that each point displayed in the path loss graphs represents the average of 24 measurements. The objective of this procedure is to reduce the multipath fading effects. For each of the three measured bands, the transmitter was moved along the corridor, maintaining the receiver in a fixed location. Several transmitter and receiver locations were used to limit the site-specific characteristics (the impact of surrounding objects and the transmitter and receiver location on the measurements), as it was done in [26,27]. The transmitter and receiver antennas are positioned at approximately 1.5 m height above the floor.




2.4. Calibration Procedure


A calibration procedure must be carried out in order to estimate a calibration constant (C) that accounts for all the system contributions to the received power (i.e., antenna gains, device losses/gains, cable losses, etc.) apart from the propagation path loss (PL). This constant is used for converting received powers into path loss values.



The calibration constant is estimated from the received power at distances (d, in meters) in the 3–15 m range (   P  r 15    ), measured without surrounding obstacles and using horn antennas at both ends. In these conditions, the propagation can be considered to be similar to free space and thus the path loss PL(d) equals the free space path loss (FSPL)(d) = 20log(4πd/λ), with the wavelength λ in m. Then, C is calculated as:


  C   dB   =  P  r 15     dBm   + F S P L  d    dB    



(1)







The constant C is later used for obtaining the path loss, for all distances, in a horn-to-horn configuration (a horn antenna at each end, referred in the rest of the paper as Horn configuration):


  P  L  H o r n    d    dB   = C   dB   −  P r    dBm    



(2)







For a horn-to-omnidirectional configuration (using an omnidirectional antenna at the receiver and referred to as Omni from now on), C has to be modified to account for the difference between the gains of the horn (   G  H o r n    ) and the omnidirectional (   G  O m n i    ) antennas. The expression is analogous to (2) but with C replaced by C[dB]   −    G  H o r n   −  G  O m n i       dBi    :


  P  L  O m n i    d    dB   = C   dB   −  P r    dBm   −    G  H o r n   −  G  O m n i       dBi    



(3)









3. Path Loss Channel Propagation Models


The models addressed here can be classified as site-general models [13]; these require little path or site information and implicitly consider the obstacles as part of the distance-dependent loss. Site-specific models, on the other hand, would explicitly consider the loss due to each wall or obstacle. Site-general models are useful for initial system planning and interference assessment.



The models are obtained by fitting the measurements to a generic expression. Four path loss propagation fittings are used: the CI, FI, CIF, and ABG. The first two are single-frequency models, whereas the others are multi-frequency ones.



The Close-In free space reference distance (CI) path loss fitting is given by (4):


  P  L  C I    d    dB   = F S P L    d 0    + 10 n · log    d   d 0      +  χ   σ  S F     C I    



(4)




where    d 0    is a reference distance, here equal to 1 m. The path loss exponent  n  is the only adjustment coefficient. In general, n lower than 2 are expected in LOS indoor scenarios [11]. The large-scale channel fluctuations due to shadowing are modeled as    χ σ  C I    , a Gaussian random variable with zero-mean and standard deviation    σ  S F       dB    .



A more complex but more accurate model is the floating-intercept (FI) path loss fitting, which requires the adjustment of two coefficients instead of one:


  P  L  F I    d    dB   = α + 10 · β · log d +  χ   σ  S F     F I    



(5)




where  d  is equal or higher than 1 m,  α  is a floating-intercept coefficient (in dB),  β  is the slope that characterizes the dependence between the loss and the distance, and    χ   σ  S F     F I     is a shadow fading Gaussian random variable similar to the one used in the CI model.



A multi-frequency approach can be and is considered, with this approach the frequency-dependent loss beyond the first meter caused by the surrounding environment for indoor environments is taken into account [28]. This includes a frequency-dependent coefficient into the PLE, having then a CI with a frequency-dependent path loss exponent (CIF). This model uses also the physically motivated free space path loss anchor at 1 m as the CI model does. The CIF model is:


  P  L  C I F     f , d     dB   = F S P L   f ,  d 0    + 10 · n   1 + b     f −  f 0     f 0        log    d   d 0      +  χ σ  C I F    



(6)




where   f   GHz     is the carrier frequency in GHz, b is an optimization parameter that represents the path loss slope of the linear frequency dependence,    χ σ  C I F     is a zero-mean Gaussian random variable (in dB) describing the large-scale signal fluctuations, and    f 0    GHz     is a reference frequency that serves as the balancing point or center for the linear frequency dependence of PLE and is based on the weighted average of all frequencies represented by the model. It is calculated as:


   f 0  =     ∑   k = 1  K   f k   N k      ∑   k = 1  K   N k     



(7)




where K is the number of unique frequencies and    N k    is the number of path loss data points corresponding to the k-th frequency  k . Another approach, not used here is to assume    f 0    as the minimum investigated frequency [29].



Another multi-frequency type approach is the ABG model, defined as:


  P  L  A B G     f , d     dB   = α + 10 · β · log    d  1    m      + 10 · γ · log    f  1    GHz      +  χ σ  A B G    



(8)




where  α  is an offset parameter;  β  describes the slope of the path loss with the logarithm of the distance;  γ  describes the path loss frequency dependence; and    χ σ  A B G     is a Gaussian random variable representing large-scale, shadowing signal fluctuations.



As can be seen from the formulations, the ABG model is a generalization of the FI for multiple frequencies, and the FI can be obtained if a single frequency is used [26]. In addition, it can be reduced to the CI if  α  is equal to   20 log   4 π / c    ,  β  to the PLE n and  γ  to 2.



Here, four models will be compared with the coefficients derived from our measurements: the 3GPP TR 38.901 [12] (or 3GGP 5G), the 5GCM [11], the Rec. ITU-R P.1238-10 [13], and the mmMAGIC [11] models.




4. Experimental Results and Modeling


Three types of results are presented here: path loss, shadow (flat) fading, and multipath (frequency-selective) fading. The path loss results are obtained using the procedure described in Section 2. This gives rise to a set of data points in a path loss-distance plot, where each point is the average of the 24 measurements taken in different frequencies at a given distance. Shadow fading is computed as the difference (in dB) between each of those data points and the path loss predicted by the fitted model at that distance using:


  S  F    f i t t i n g       d , f     d B   = P  L  m e a s .     d , f   − P  L    f i t t i n g         d , f    



(9)







Multipath fading is computed as the difference between each of the 24 individual measurements and their average (that is, the data point), and therefore captures any frequency-dependent fluctuations.



4.1. Path Loss Results


Path loss results for both Horn and Omni configurations at LOS condition are given in Figure 3 for 26, 32, and 39 GHz. The Horn and Omni measurements include each one of the 264 points at 26 GHz and 116 points at 32 GHz and at 39 GHz, respectively.



From these results, propagation is seen to be better than FSPL, as has been reported in other studies [13]. Figure 3 represents the fittings of CI and FI for the Horn and Omni configurations at the three frequency bands.



Table 2 shows the coefficients for each frequency for both the CI and FI fittings and compares them with several 5G available models (in some cases, for scenarios different from the corridor). In the table,    σ  S F     stands for the standard deviation from the results of (9) for each fitting.



The mmMAGIC is an ABG-type model, and here it has been particularized to show its coefficients as an FI-type model for each band. The model of Rec. ITU-R P.1238-10 has a CI-type formulation and does not provide coefficients for the 32 and 39 GHz frequency bands.



When comparing the CI coefficients obtained from the fittings with those provided by the models considered in Table 2, the n derived from our measurements are lower than their counterparts 1.73 (for the 3GPP 5G and the 5GCM models and for all frequencies) and 1.92 (for the Rec. ITU-R model and only for the 26-GHz case, since no coefficients are provided for the other bands); also, our measurements have a higher standard deviation in all cases than in the models. In addition, the obtained CI coefficients are similar to the coefficients obtained in [22] for their path loss measurements with vertical-to-vertical polarization, for a different scenario.



The values of the floating-intercept parameter  α  obtained from the FI fittings are very similar to those of the mmMAGIC model, but the values of the distance-dependent coefficient  β  have high deviation (from 1.61 to 1.03) from 1.38 (mmMAGIC). In all cases, the obtained standard deviations are higher than 1.18 (mmMAGIC).



After applying (9) for each case, the shadow fading results are obtained. As an example, the 32 GHz case is shown in Figure 4.



For the three frequency bands, the trend is the same, i.e., there is little difference between the shadow fading for the CI and FI fittings (this can be seen both in the Table 2 coefficients and in Figure 4). The differences between the CI and FI shadow fading are small because the two fittings produce nearly coincident lines, as seen in Figure 3.



The path loss results have also been fitted with the ABG model, giving a representation of path loss as a function of frequency and distance, as shown in Figure 5. The fitted coefficients are given in Table 3 and are compared there with ABG-type LOS indoor models: the mmMAGIC model for an office scenario and the 3GPP 5G model for a factory scenario. None of these models provide coefficients specifically for corridor scenarios.



For this case, the fitted coefficients for the Horn configuration are similar to those corresponding to the models of Table 3. On the other hand, the Omni configuration gives very different  α  and  γ  coefficients. The differences between the fitted and mmMAGIC coefficients for an office scenario may be due to the wide range of application of the model (i.e., almost 94 GHz ranging from 6 to 100 GHz), whereas the three frequency bands addressed here are closer (only 13 GHz-range). The  β  coefficient of the 3GPP 5G InF has greater difference with the ones derived from the measurements.



The standard deviation proposed by the mmMAGIC model is much lower than the experimental results. The value given by the 3GPP 5G InF model is closer to the experimental ones.



A CIF type LOS model has not been proposed in the literature, to the authors’ knowledge, but here, its graphical representation is given in Figure 6, and the obtained coefficients are presented for possible further analyses in Table 4, where μ is the mean value of the shadow fading.



In this multi-frequency fitting, there is a small deviation from the zero-mean value ( μ  equal to 0.07 for the Horn configuration and 0.09 for the Omni). The parameter    f 0    is obtained by applying (7).




4.2. Shadow Fading and Multipath Component Results


The shadow fading histograms for the Horn and Omni measurements and the CI and FI fittings are shown in Figure 7 and Figure 8 for 26 and 39 GHz, respectively. Results for the 32 GHz band are similar and are omitted for brevity. The Gaussian distributions modeled with the experimental mean  μ  and standard deviation    σ  S F     for each case are represented in solid red line.



The histograms approximately correspond to a Gaussian distribution as expected. The CI mean has a small variation for all cases, ranging from 0.01 to 0.15, whereas for FI the zero-mean value is met in all cases. The standard deviation values are provided in Table 2.



Regarding the multi-frequency fittings, the mean and standard deviation values are similar for the CIF and the CI fittings; and for the ABG and the FI. This is due to the relations between them (for one frequency, the ABG reduces to an FI fitting and the CIF to a CI fitting).



The frequency-selective multipath fading analysis uses the 24 individual measurements for each distance at a given frequency (giving a total of 6336 measurements for 26 GHz, 2784 for 32 GHz, and 2784 for 39 GHz). The measured values have been transformed into linear amplitude units, and each set of 24 has been divided by its mean. The resulting histograms for 26 and 39 GHz are represented in Figure 9.



The histograms for each case can be approximately described by the Ricean probability distribution function (PDF), which is commonly used for modeling well the fading when there is a LOS component. The Ricean functions that provide the best fits are represented in solid red line in Figure 9.


  p  x  =  I 0      x · s    σ 2       x   σ 2    exp   −    x 2  +  s 2    2  σ 2      ,  



(10)




where    I 0    is the zero-order modified Bessel function of the first kind, s is a non-centrality parameter equal or greater than zero, and  σ  is a scale parameter higher than zero.



Although both the Horn and Omni measurements can be represented with the Ricean distribution, for the Horn case, the measurements are seen to be more concentrated around 1, whereas for the Omni case, they are more spread. This is expected, because the LOS component has a smaller relative contribution in the omnidirectional case. The parameters of the fitted Ricean distribution are shown in Table 5.



The scale parameters  σ  are different for the Horn and Omni configurations but are similar for the same scenario at all frequencies.





5. Conclusions


The presented LOS results at the 26, 32, and 39 GHz frequency bands contribute to the characterization of propagation in the corridor indoor scenario with LOS conditions. The Horn configuration presents a higher path loss than the Omni. As expected, the path loss is higher for the higher frequencies, on average.



The path loss exponents are below 2 in all the cases, confirming a waveguide-like propagation effect (this is mainly due to the multiple reflections in walls, floor, and ceiling) in LOS conditions. This behavior has been reported in various studies carried out by other researchers and was taken into account in the 3GPP 5G, ITU-R, and 5GCM models. The strength of this effect is variable, but maybe the type of antenna has an influence on this: a lower exponent is obtained for the omnidirectional antenna configuration than for the horn.



The coefficients provided by the ITU-R Rec. P.1238-10 LOS model for the 26 GHz band are higher than those obtained from the measurements. This recommendation, however, does not record coefficients for the corridor scenario in the 28.5 to the 51 GHz frequency range. The other tested models (i.e., 3GPP 5G and 5GCM models) provide CI and FI coefficients similar to those obtained from the measurements, even if they do not deal specifically with the indoor corridor scenario. The ABG-type mmMAGIC model coefficients are quite similar to those from our fitting for the Horn configuration.



The Gaussian distribution describes well the shadow fading behavior for both antenna configurations and all frequency bands (better for the FI and ABG than for the CI and CIF fittings). On the other hand, the frequency-selective multipath fading is well described by a Ricean distribution for all datasets.



Overall, the derived coefficients for the 26, 32, and 39 GHz bands with LOS conditions contribute to the ongoing measurement efforts for millimeter-wave systems and may help to fill in gaps in existing models.
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Figure 1. Transmitter and receiver scheme (main characteristics of each device are shown below them, with G, L, F, Att, and LNA standing for gain, losses, noise figure, attenuation, and low noise amplifier, respectively). 
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Figure 2. Main setup components: (a) horn (top) and omnidirectional (bottom) antennas; (b) transmitter unit; and (c) receiver unit. 
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Figure 3. Close-in (CI) and floating intercept (FI) fittings for path loss results at 26 GHz (a,b); 32 GHz (c,d) and 39 GHz (e,f) for the Horn (left hand) and Omni (right hand) configurations. FSPL is represented in each figure in gray color. 






Figure 3. Close-in (CI) and floating intercept (FI) fittings for path loss results at 26 GHz (a,b); 32 GHz (c,d) and 39 GHz (e,f) for the Horn (left hand) and Omni (right hand) configurations. FSPL is represented in each figure in gray color.
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Figure 4. CI (a) an FI (b) shadow fading for the LOS path loss results at 32 GHz. 
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Figure 5. Alpha–beta–gamma ABG fitting for (a) Horn (asterisk) and (b) Omni (circle) configurations at 26 (red), 32 (blue) and 39 GHz (green). 
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Figure 6. Close-in with frequency dependency (CIF) fitting for (a) Horn (asterisk) and (b) Omni (circle) configurations at 26 (red), 32 (blue) and 39 GHz (green). 
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Figure 7. LOS shadow fading histogram at 26 GHz for the (a) CI Horn, (b) CI Omni, (c) FI Horn, and (d) FI Omni cases. 
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Figure 8. LOS shadow fading histogram at 39 GHz for the (a) CI Horn, (b) CI Omni, (c) FI Horn, and (d) FI Omni cases. 
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Figure 9. LOS measurements histogram and best-fit Ricean function for the Horn configuration at 26 GHz (a) and 39 GHz (c) and for the Omni configuration at 26 GHz (b) and 39 GHz (d). 
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Table 1. Main parameter values at the three frequencies.
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Parameters

	
26 GHz

	
32 GHz

	
39 GHz






	
Central frequency and range

	
26.0314 GHz

(from 25.9614 to 26.1014 GHz)

	
32.1814 GHz

(from 32.1114 to 32.2514 GHz)

	
39.1814 GHz

(from 39.1114 to 39.2514 GHz)




	
Bandwidth

	
140 MHz




	
IF

	
11.4 MHz




	
Rx sensitivity

	
−160 dBm/Hz




	
RF LNA noise figure (from 4 to 40 GHz)

	
<8 dB




	
Tx power

	
10 dBm




	
Tx Antenna Gain (dBi)

	
17.5

	
19.2

	
20.9




	
Rx Antenna Gain (dBi)

	

	




	
Horn antenna

	
17.5

	
19.2

	
20.9




	
Omnidirectional antenna

	
3

	
3.2

	
3.5




	
Tx HPBW

	
22°

	
19°

	
14°




	
Rx HPBW

	

	

	




	
Horn antenna

	
22°

	
19°

	
14°




	
Omnidirectional antenna

	
40°

	
30°

	
26°




	
Tx and Rx antenna height

	
1.5 m




	
Sampling rate

	
40 Msamples/s








Rx: receiver; Tx: transmitter; HPBW: half power beam width.
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Table 2. Coefficients for the CI and FI fittings and line-of-sight (LOS) models.
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Experiment

	
Configuration

	
1-m FSPL (dB)

	
CI

	
FI




	
   n   

	
    σ  S F      (dB)

	
   α   

	
   β   

	
    σ  S F      (dB)






	
26 GHz

	
Horn

	
60.74

	
1.46

	
4.94

	
62.12

	
1.36

	
4.94




	
Omni

	
1.34

	
4.49

	
64.78

	
1.05

	
4.43




	
32 GHz

	
Horn

	
62.54

	
1.35

	
4.54

	
65.84

	
1.13

	
4.49




	
Omni

	
1.35

	
4.30

	
63.50

	
1.29

	
4.30




	
39 GHz

	
Horn

	
64.30

	
1.53

	
4.55

	
63.19

	
1.61

	
4.54




	
Omni

	
1.14

	
4.25

	
65.86

	
1.03

	
4.24




	
Models




	
3GPP TR 38.901 (Office)

	
1.73

	
3.0

	




	
5GCM Office

	
3.02




	
5GCM/3GPP TR 38.900 Shopping-Mall

	
2.01




	
Rec. ITU-R P.1238-10 Corridor (25.3–28.3 GHz)

	
1.92

	
1.25

	




	
mmMAGIC (26 GHz)

	

	
62.32

	
1.38

	
1.18




	
mmMAGIC (32 GHz)

	
64.15




	
mmMAGIC (39 GHz)

	
65.94
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Table 3. LOS ABG fitting and mmMAGIC coefficients.
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Configuration

	
Coefficients




	
   α   

	
   β   

	
   γ   

	
    σ  S F      (dB)






	
Horn

	
30.51

	
1.32

	
2.25

	
4.81




	
Omni

	
54.50

	
1.14

	
0.66

	
4.41




	
Models




	
mmMAGIC Model

	
33.60

	
1.38

	
2.03

	
1.18




	
3GPP 38.901 InF

	
31.84

	
2.15

	
1.90

	
4.30
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Table 4. LOS CIF fitting coefficients.
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Configuration

	
Coefficients




	
   n   

	
   b   

	
     f 0     

	
   μ   

	
    σ  S F      (dB)






	
Horn

	
1.45

	
0.07

	
30.48

	
0.07

	
4.82




	
Omni

	
1.30

	
−0.32

	
0.09

	
4.43
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Table 5. Ricean distribution parameters.






Table 5. Ricean distribution parameters.





	
Measurements

	
Configuration

	
s

	
   σ   






	
26 GHz

	
Horn

	
0.980

	
0.195




	
Omni

	
0.951

	
0.301




	
32 GHz

	
Horn

	
0.985

	
0.169




	
Omni

	
0.919

	
0.375




	
39 GHz

	
Horn

	
0.981

	
0.191




	
Omni

	
0.937

	
0.337
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