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Abstract—The frequency (spectral) statistics of the line of sight ~ Measurements of the K-factor with results between 0 and
channel is adequately described by the Rice distribution. ie 7 gre reported by a number of papers: [1] measured values of
Ricean K—factor is extracted from a large body of measuremets; up to 7 at 5.2 GHz, depending on the number of pedestrians

'tthg ?a'l\r/]zg azg_?gst(;ﬁrzm|Ra:msoedpea}r%t;c;ré; noolncgrrrl)t(e):,vfgreqlgsvmgfl?he in the vicinity of the system. Results from about 2 to 5 at

terminal separation and the reverberation distance is sugested. frequencies of 2.4 GHz and 2.6 GHz are given by [2] and [3],
The electromagnetic reverberation distance is characteried for note that the setup described in [3] had the two antennas very
two different rooms, it is bigger for the larger room and tends close to one wall.

to increase with frequency. The non line of sight spectral al ¢ jecting significant channel statistics in the spatiahdin
spatial statistics are similar to each other and characteded by . ... - . .

the Rayleigh distribution. is difficult becagse the St.atIStICS depend on termmgl Se{oar.

A spectral-spatial analysis of the Ricean K-factor (i.erages
over the two dimensions) in [3] was performed over sections
shorter than 5 wavelengths of the center frequency, and the
authors comment that this choice of area was done empiri-
. INTRODUCTION . .

cally, so that the received power over it would not changes
I NDOOR radio propagation enjoys renewed interest dugynificantly.

to extensive research of sensor networks, that have apThis work presents statistics in the spectral domain, irdban
plications for entertainment, surveillance, telemedicand of 2 GHz between 2 GHz and 18 GHz. The similarity of the
environmental monitoring. Of particular interest in chehn spatial and the spectral statistics is demonstrated in igi |
characterization is the line of sight (LoS) scenario, wheg sight (NLoS) settings, where meaningful spatial stitist
communicating nodes enjoy a high quality link. can be easily collected.

Radio system design generally relies on models of the\ye characterize the dependence of the K-factor on carrier
propagation environment in the expected areas of deploymefquency and on transmitter-receiver separation usirgy th
Realistic channel models are needed for a fair comparison @ferperation distance [4], also calledcritical distance [5],
algorithms and parameters during the design process, and{Qoncept taken from the field of acoustics. The reverberatio
comparing the performance of different radio system.  gistanceR, is defined as the distance from the transmitter

It is generally accepted that line of sight propagation {ghere the direct component is as strong as the diffuse compo-
characterized by the Rice distribution, but a systematic dgent of the channel response. For a Rice—distributed channe

scription of the distribution parameters in indoor sett@s he reverberation distance equals the distance where the K-
not been available until now in the public domain literaturggqior equals one.

This paper quantitatively characterizes the propagatiamoel

in two rooms. We give a simple model of the Ricean K-factor

vs. carrier frequency and transmitter—receiver separafibe

results span the 2-18 GHz band, encompassing frequendedhe System

currently used for cellular and cordless telephones, th® Wi The setup was based on an Agilent N5230 network analyzer

(IEEE 802.11) and Wimax (IEEE 802.16) standards, the entifQa), connected to two omni-directional antennas (Electro

UWB band, and higher frequencies that may be occupied Rjetrics EM-6865). The network analyzer transmitted sinu-

future radio systems. _ _ soidal waves in the 2-18 GHz band with a frequency step
With line of sight available between transmitter and reegiv of 1 06 MHz.

the power received over the direct path follows the free 8pagach frequency was transmitted for about 0.02 seconds (the

model. The main cause for received signal distortion are theciprocal of the NA intermediate frequency bandwidth)d an

multipath, i.e. the diffuse component of the channel. Tgeal  the rejative amplitude and phase, compared to the trareinitt

carried over the diffuse component is typically much stemggjgnal, were recorded. The SNR of all our LoS measurements

than the additive noise and interference. The Ricean Kofact g higher than 34 dB. The coherence bandwidth for the LoS

equals the ratio of power received over the direct path to th&ase measurements was between 25 to 85 MHz.

diffuse power and thus characterizes the multipath. The receive antenna (Rx) was placed on a motorized positione
This research was supported by The Israel Science Foundai@nt No. with sub-millimeter accuracy, that was one meter long and 20

249/06) and the Israeli Short Range Consortium (ISRC). cm wide. The receiver moved between measurements but was

Index Terms—Electromagnetic propagation, Indoor radio com-
munication, Multipath channels.

Il. MEASUREMENTENVIRONMENT AND EQUIPMENT



kept immobile during the collection of each channel respongomponent (common in NLoS conditions).

The transmit antenna (Tx) was placed on a cart that wa@bserving the small-scale fading statistics can be done by
moved to different locations for different measurements, bsampling the amplitudes and phases of a narrow band signal
was immobile during each measurement. Tx and Rx antenmasn area that is no bigger than a few times the wavelength.
were both maintained 1.25 m above the floor. In this paper we refer to this apatial statistics. The small-

A computer controlled the location of the receive antenrszale fading phenomenon can also be observed looking at the
along the rail, as well as the parameters of the netwoaknplitude and phase distribution of the harmonic companent

analyzer and the data collection and management. of the channel. We refer to this apectral dtatistics. The
Measurements were normally performed during nights, whassumption of identical statistics in the spatial and spéct
movement of people around the system was minimal. domains is in fact an assumption of ergodicity, related ® th
time-frequency ergodicity mentioned by [7]. The LoS chdnne
B. Calibration between sets of directional antennas was found non-ergodic

We used a Line of Sight (LoS) measurement with abogy .[8]’ note that the results there are based on only t_en
atial measurements, and that the existence of a line loff sig

45 cm between receiver and transmitter antennas to caibrat . . .
o Lo epended strongly on the orientation of hand-held devices.
the system. The radiation pattern of a biconical antenna_ll

similar to that of a short dipole [6], and its far field boungar Re Rice and Rayleigh distributions can be used to model the

is thus about2, below the calibration distance of 45 cmsmall'scale spectral statistics, as shown in Section I}
.2 : o |tds natural to assume that the same statistics apply in the
over the entire measurement band. This calibration metho tial domain

allows to calibrate out the cable and antenna responsesibut 1> : . .
. . . . P b We demonstrate in Section IlI-B that spatial and spectral
the disadvantage of including multipath components. Ireord

C e .. _statistics of NLoS channel measurements are similar.
to overcome this difficulty we transformed the calibratio ith a dominant component (as in LoS), the small-scale
measurement to the time domain using a rectangular window, P '

cut out the multipath components (by eliminating the sma? atial statistics is not easy to measure because the damina

amplitudes that come after the main pulse), and transformce%rnpone.nt itself can C_hange significantly W.'thm the sanpli

. . oo area. This causes difficulty because the Rice model assumes

it back to the frequency domain. We got a calibration respons . - .
) a constant dominant component. For spectral statistics thi

that can be used as follows:

problem does not exist and observing the Rice statistics is

r(measurement} Simple.
r§= W (1) We continue with the assumption that the spatial and sgectra
Ty statistics of the small scale fading are identical also if5Lo

_(measurement) (calibration) conditions, so the ability to extract the spectral distiitoo
o5 =95 — % @) parameters gives information on the same parameters i spac
Where 7 is the amplitude andp; is the phase for the In other words, we extract the K-factor of the Rice distribnt
frequencyf. using wideband spectral measurements, and assume it is the
The distance between Tx and Rx during calibration is denote@me for spatial statistics.
Req, and after the calibration process we consider each
transmitted sinusoidal wave as if it had amplitude 1 and @hag n oS Measurements and Analysis

0 at distanceRq,; from the transmitter. - ] )
For NLoS conditions there is no dominant component,

so observing the statistics of the amplitude is simple for
both spatial and spectral measurements. In order to test the

The measurements used in this paper were collectedsimilarity between the two statistics the following set of
2008-2009 in the Ross building at Givat Ram campus of thgeasurements was performed:

Hebrew University of Jerusalem. We measured in LoS and
Non Line of Sight (NLoS) conditions. The LoS measurements receiver were placed in different rooms of the same

were pgrformed in two office rooms: building. The receiver moved on a 10@0 cn? rectan-
1) Big room. 9.5¢6.5x2.6 n?, about 12,000 measurements gle using a motorized positioner with 4 mm steps (total

C. The Measurement Environment

1) NLOS spatial measurements:The transmitter and the

with 47 different cart (Tx) and motorized rail (Rx) of 12,801 positions). In each position the frequencies
positions. f. = 3, 6, ...17 GHz were transmitted and the channel
2) Small room. 43.5x2.1 m?, about 2,300 measurements response was measured.
with 8 different cart and motorized rail positions. NLOS spatial analysis: For each frequencyf() the
mean and the variance of the channel’s amplitude were
I1l. SPATIAL AND SPECTRAL STATISTICS extracted (see Figure 1).

The statistical description of the radio channel, givenlsma 2) NLoS spectral measurements:Without moving the
scale fading conditions, is often modeled by the Rice or transmitter or the receiver cart, nine additional measure-
Rayleigh distributions. The Rice distribution is used ire th ments were taken in the corners and in the middle of the
presence of a dominant component (as common in LoS con- 100x20 cn? rectangle. The measurements were taken
ditions) and the Rayleigh is typical when there is no dominan with a 1.06 MHz spectral step over the 2 - 18 GHz band.



NLoS spectral analysis:For the nine measurements the Knowing that our receiver and transmitter are at fixed points
mean and the variance of the channel's amplitude fordiring the measurement, we choose with no further loss of
GHz bands (2 - 4, 3-5 ... 16 - 18 GHz) were extractegeneralitys;(T) = 0 and denoted(7") as A:

In Figure 1 the average (over the nine measurements)

of the mean and variance is presented versus the center zp(F 5) 7

frequency f.) of each 2 GHz band.
Taking into account realistic LoS office conditions, the

B. NLOS Ergodicity Results sinusoidal wave detected at the receiver is the sum of tlee fre

The moments of the channel’'s response calculated ovePce signal and a diffuse component:
space and over the spectrum can now be compared, as _
presented in Figure 1. The resemblance between the two is Yp=A+rpet 8
apparent, except for the low frequencies (3 - 5 GHz) whe
the wavelength X ~ 6 - 10 cm) was probably too large to

give adequate spatial statistics on the Q0 cn¥ area. all the multipath components, apart from the direct one.

we perfo:jmedt 5|m||lar NLOSbl measfuret[]nents at tV(\j/O other "Now we can associate; with the measured amplitude
rooms, and got similar resemblance for the mean an vanance and with the phase deviation from free spate; (see

of the amplitude distributions in the spatial and spect
|gure 2):
measurements

Whereff is a random amplitude an@; is a random phase.
Notice that the diffuse componente®s is a superposition of

ry = [yl ©)
mean Apy = arg(yy) (10)
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Fig. 1. Mean and variance of the amplitude of the NLoS measents. \
In solid line the spatial measurements, and in dashed lieeatierage of the

nine spectral measurements.

Fig. 2. 1 on the complex planed is the deterministic free space amplitude
of the channelf; is a random amplitude caused by the multipath components,
IV. ANALYSIS that has a random phasg. r is the amplitude we measure add  is the
hase deviation of the measured channel from free space.
A. Measured Channel Phase P P

Assuming free space (FS) conditions, the calibrated cHanne

response is given by: In Figure 3, a LoS measurement ¢fis demonstrated.

Wi™)(t) = A(T) cos (2m ft + ¢4 (T)) (3)
0.1
¢f(T) = —2n fT (4) 00l
Rcal Rcal
(T) Tco+ Real R ®) % 0
Where f is the frequency of the sinusoidal wave,s the - —0.08k
time, ¢q is the speed of lightR.,; is the distance between
Tx and Rx antenna for the calibration measureménis the —01f
distance between Tx and Rx antenna for the measurement S A
andT is a propagation delay that correspondsite- R ;. 005 0 o008 015 02 025

Re(llJ)

In phasor representation we have Fig. 3. Example of the calibrated channel response on theplesnplane
Q/J(FS (T)ei¢f(T) (6) taken from a LoS measurement of abdtit= 287.5 cm with center frequency
fo =9 GHz and bandwidth 2 GHz. Each black dot representsmeasured
at a different frequency.
lagain we found some discrepancies for the low frequencies.



Measuring the amplitude-f) is straightforward and given : | - measurement
directly by the NA as it measures the relation between reckiv —free space simulation
and transmitted amplitude at each frequency.

Measuring the phase deviation from free spake{) is not
as simple because of tir modulus property. Still we can
estimateAngsf using the following algorithm:

phase
N ® S g o o

1) Estimating the wave propagation tim&)(
We approximatel’ with great accuracy by applying a 1 \
Fourier transform on the data received from all frequen- oAV A D
cies (2 - 18 GHz), and looking for the peak position in 7 71
the time domaift

7.2 7.3 7.4
frequency [GHz]

Fig. 4. Example of LoS measured phase versus frequency aappaapriate
free space simulation according to equation (12). The estichtime of arrival

r— (1) for the simulation was calculated using equation (11). Whetracting
T =arg inax ; Ty cos (27Tft + ¢f) (11) Ag¢y from the measurements in the circles a modulus correctioreésied.

2) Simulating free space phase versus frequency using (4):

R A Equation (14) describes the phase-amplitude joint Rice dis
¢ = mod(—2nfT,2m) (12) tribution, where the amplitude and phase distribution can b

extracted [9], [10]:
3) Subtracting the phase that was measured by the NA from

. i 27
the simulated one: pdf oo (1) = / pdf (r, AG)AAG —
~ ~ 0
Ay =y — ¢y (13) ( 2+A2)
T rA
4) Modulus correction: 3¢ Iy (;) ;>0 (15)

a) If the value of the subtraction is bigger than2n
is subtracted from the result. e

b) If the value of the subtraction is smaller thanr, pdf ny (Ag) = /0 pdf (r, Ag)dr =
27 is added to the result.

Of course, if the absolute actual phase deviation is bigger! + VAKX <= (29) cos(A¢) [1 + erf(\/ECOS(A@)]

thanw we will essentially get a random result féxg ;. This ok

occurs under NLoS conditions, mainly because we cannot (16)
estimate the time of arrival properly. s

Extraction of the phase deviation is illustrated in Figure 4 K=_— (17)
where A¢y is the vertical distance on the graph between the 20

measured black dots and the simulated solid line. In casesVhere K is the Ricean K-factor]y(x) is the modified
where the absolute vertical distance is bigger thaf@around Bessel function of the first kind with order zero and(eifis
7.125 GHz for example), a correction is needed becausetioé error function:

the modulus property.

A
erf(x) = —/ e dz (18)
VT Jo
B. Statistical Models 2) The Rayleigh Distribution: Given small-scale fading

conditions without a dominant component (NLoS condition)

1) The Rice Distribution: Assuming the number of multi- we have A=0, so instead of (15) and (16) we have the
path components is sufficiently large, we expect the centRéyleigh distribution for the amplitude and a uniform clau
limit theorem to hold, so the distribution o%® should be distribution for the phase (notice that now we have — 9):
almost normal on the complex plane. We can now describe
the phgse ampll|tude _Jomt. distribution as a two d_lmensilona PAf Rayieign (1) = e 22 >0 (19)
Gaussian function, with diffuse parameterand radial sym- o
metry around A4, 0):

1
df 9(0) = — 20
pdfy(6) = 5 (20)
T _(rcos(Ad)—A)24(rsin(A¢))? . . . S
pdf (r, Ag) = 53¢ 2072 (14) Extracting the diffuse parameterfor the Rayleigh distribution
o is done using the first moment of the amplitud (
2In LoS room conditions we can estimate the time of arrivahvatvery 2
high precision, usually less than 2 ps (much smaller thansbortest wave b = _meanir) (21)
period of about 55 ps). m



C. Extracting the Ricean K-Factor Akaike Information Criterion (AIC) score was calculated fo
For the Rice distribution, the most common estimatioﬁa‘?h statistical model as described in Appendix A-C, to test
method of the K-factor is based on the first two momentéhich model had the lowest score. .
of the channel’s power [11]. We found that for our measuret’® results of about 14,500 measurements (taken with 55
data, the power-based method did not yield adequate resﬂ_gerent cart (Tx) and motorized ra|_l (R_x) positions in the
and sometimes even returned complex numbers. We used Bigrand small rooms) are presented in Figure 6.
phase measurements in addition to the amplitude to extract { "€ Rice model best describes the phase distribution for all
K-factor, and did it in two ways that gave similar results: the frequencies. For the amplitude distribution, the Ricelet
1) Phase and Amplitude Method: If we assume that; is best for the 4 - 15 GHz band, and the Nakagami model has
is uniformly distributed, then using (8) the free space powé€ best agreement fgf. = 3 and 16 - 17 GHz.
(A2) and the diffuse power () can be extracted simply by

calculating the average and varianceygf. Amplitude _Ei;ye.eigh
~ = ' ' ' ' ---Nakagami
A? = |meariyf)[? (22) g Log-Normal
3 ----- R
2 3 SO
267 = var(yr) (23) %4 6 8 10 12 1 16 18
2 Phase
. _ A2 24 i S
262 (24) 0 50 ™
. < wC
Another way to extractd uses the time of arrival’ (11), 8 S B
as can be seen from (5). Figure 5 shows the estimate$ of % 4 & 8 10 12 14 16 18

from measurements witli. = 7 GHz.

Fig. 6. Best statistical model for the LoS amplitude) @nd phase-
deviation (A ¢) spectral distribution. The bandwidth is 2 GHz. The Von Mise
(VM), Wrapped Cauchy (WC) and Wrapped Laplace (WL) distiitms are
presented in Appendix A-A. The Nakagami and Log-Normalritistions are
presented in Appendix A-B. The Rice distribution is supenwer the entire
band for the phase and over the band 4 - 15 GHz band for the tadwmlithe
Nakagami is better foff. = 3 and 16 - 17 GHz.

2) NLoS For almost all the NLoS measurements the
Rayleigh distribution was superior to the Log-Normal one, i
0 ‘ ‘ - ‘ it agreed better with the spectral and spatial histograrhse. T
0 > 10 RIR 15 20 25 Log-Normal distribution agreed better with a single sgatia
cal histogram atf. = 3 GHz, see Section IlI-B. In Figure 7 the
Fig. 5. Estimates ofd using equation (22). The dots represehttaken histogram of one of the spectral measurements is presented

from about 12,000 LoS measurements in the big room, with mieguency  together with its Rayleigh and Log-Normal curves.
fo = 7 GHz. The solid line represen@% (Equation (5)). We got a good
agreement also for the other frequencies.

——spatial
2) Phase Only Method: Another way to extract the Ricean 1808 - el AIC = 243
K-factor is by finding the standard deviation af, denoted 1401 [\ “““ Log-Normal AIC = 314
oags. As can be seen in (16), the pdf of the phase-deviation 1201 ; ]
is a symmetric function that depends only on the Ricean K- 4 100/
factor, so a one to one relation betwegnand o, can be = gof ’\
found by calculating the standard deviation of equation) (16 60} AN
for different values ofK. The Ricean K-factor can be extracted 40t A
using a lookup table. 20 2 \‘M
% 0.005 0.01 0.015 0.02
V. RESULTS amplitude (r)

A. Satistical Model ! i . .
Fig. 7. Spatial and spectral amplitude histograms for a Nb@E&surement
1) LoS: For each LoS measurement we extracted the apprgth f. = 6 GHz. As can be seen from Figure 1 the mean and variance for
; ; ; ; e 6 GHz spatial and spectral measurements are almosicalesb we have
priate par_am_ete_rs of the Rice, Ra_ylelgh, Nakagaml and. LO?good match between the histograms. The Rayleigh and Lomxaurves
Normal distributions for the amplitude, and the Von Misesg, ihe spectral measurement are also shown.
Wrapped Cauchy, Wrapped Laplace and Rice for the phase

as described in Sections IV-B2, IV-C1 and Appendix A. The



B. K-Factor ‘ :
22 —e—big room
From each LoS measurement we extracted the spectral K- 2 \//\ AN ~small room
N

factor in 2 GHz bands using the phase and amplitude method 18l
as described in Section IV-C1. The K-factor is presented

in Figure 8 as a function of the spatial distance between Cij
transmitter and receiveR), after averaging over bins of about '

1 cm. Loy

i

20 0.8

3 2.78 1.33 | 041 1.60 1.90 | 0.31

0 4 475 | 1.24| 059 217 | 1.90 | 0.60

200 400 600 800 1000 5 4.45 159 0.81 2.44 1.93 | 0.66

R [cm] 6 520 [ 158 079 | 2.90 | 187 | 0.61

7 6.03 162 0.84 3.25 2.03 ] 1.08

Fig. 8. About 12,000 LoS K-factor results (dB) over 2 GHz bataken in 8 568 174 | 0.92 315 200 | 1.03
the big room and averaged in steps of about 1 cm. The measoiemvere 9 716 156 | 1.04 344 184 | 0.71
taken with 47 different cart (Tx) and motorized rail (Rx) pgmss. For the 10 858 143 | 1.18 367 1.75 | 0.60
small room the pattern is similar. 11 9.10 144 | 1.33 3.43 204 | 1.22
12 9.39 1.46 | 1.40 4.26 1.88 | 1.09

Looking at the results in Figures 8 we conclude the follow- 14 1214 | 111] 060 | 789 | 1.03] 0.79
- 15 | 1576 [ 0.95] 082 | 9.16 | 0.97 | 0.82
Ing: 16 1782 | 083 0.78 | 686 | 1.10| 0.71

1)

2)

1)
1)

2)

10
f_[GHz]

Fig. 9. The scaling parametes f) extracted from the K-factor measurements
10 using the model (25). The dashed lines are the average \vahee$requencies
3 - 12 GHz given in Table II.

f [GHZ]

° fe big room small room
[GHz] [ R4 [M] n RMS | Ry [m] n RMS

13 10.46 | 1.31 | 1.00 6.37 1.30 | 0.92

Dependence on terminal separation The K-factor 17 1771 |079] 076 | 603 | 1.16] 0.63

tends to decrease as the distance between transmitter TABLE |
XTRACTED REVERBERATION D|STANCE(Rd) AND SCALING PARAMETER

a.nd I’ecelvel’ |ncreases ThIS behaVIOI‘ SuggeStS that the (n) USING MATLAB 'FIT' TO EQUATlON(25).fC IS THE CENTER

deterministic LoS componentd) decreases faster than FREQUENCY OF THE2 GHz BAND USED TO ESTIMATE THERICEAN
the diffuse componentfo K-FACTOR. RMS IS THE ROOT MEAN SQUARE ERROR OF THK-FACTOR

MODEL.
Dependence on center frequencyFor the low to
medium frequenciesf( = 3 - 12 GHz) the K-factor tends
to increase as the center frequency increases. For the
high frequenciesf. = 12 - 17 GHz) the trend is reversed Where©, Q andn are parameters set to fit the results,
and the K-factor decreases with center frequency. and displayed in Table Il. These parameters do not
Modeling the K-Factor: depend on frequency.
An Empirical Model. The K-factor results can be m
described by a power law model with frequency depen- 5 Olgzl [ ©Im] [ n [ RMS
. . : ig room 0.70 1.03 | 1.50 | 1.70
dent scaling parameter(f) and reverberation distance smalltoom | 0.25 119 192 | 1.71
Ra(f): TABLE i
PARAMETERS FOR THE SIMPLIFIED MODEL(26) EXTRACTED FROM
R (f) n(f) K-FACTOR RESULTS USING THEMATLAB 'FIT' FUNCTION. RMSIS THE
K(R) — d— (25) ROOT MEAN SQUARE ERROR BETWEEN THEK-FACTOR MODEL AND THE
R MEASURED RESULTS

Table | lists the empirical values of the reverberation
distance and the scaling parameter for the two rooms.
Figure 9 and Table | display the scaling parametdor

the big and small rooms. It seems that in the small room Reverberation Distance
the decrease rate df is usually higher than in the big

room. This can also be explained by the stronger diffuseFigure 10 and Table | show the estimated reverberation
influence in the small room. distance ;) for the big and small rooms as function of the

A Simplified Model. A simplified empirical model is center frequencyjt). The reverberation distance in the small
applicable in the 3 - 12 GHz band: room is smaller. The dependence®j on the room’s surface

of + 0" area () is given in [4]:
ct
k() = (2) (26) Rux VS (27)



Using the dimensions of the rooms, we ha¥&*9) = 206.7 Rayleigh model to best describe almost all of the measure-

m? and S(*™e!!) = 59 5 n?, so we can expect: ments.
R(ti9) The spatial-spectral distribution ergodicity assumptiwas
—d___ _ 186 justified using NLoS measurements, where the mean and
R variance of the amplitudes were found to be similar.

This is close to the results in Figures 10 where the avera§ Summarize the contributions:
ratio between the reverberation distances is 2.06, with a* A simple model of the Ricean K-factor that depends on

standard deviation of 0.4. the carrier frequency and on the terminal separation.
It is also clear from Figure 10 that the reverberation distan * A characterization of the electromagnetic reverberation
usually increases as the center frequency increases. distance in the 3-17 GHz band.

o The spectral statistics of indoor channels are described

0 by the Rayleigh and Rice distributions in the 2-18 GHz

‘ band, with other distributions (Nakagami and Log-
Normal) sometimes suitable in the low and high ends
157 ] of the band.
_ « A demonstration of the similarity of the spatial and
% 10 ] spectral statistics of the channel in NLoS conditions.
@

ol

A. Phase Distribution Models

In order to validate our statistical model for the phase
distribution (16) we tested it against three known circular
Fig. 10. The reverberation distand@, as extracted from the K-factor probability density functions:

measurements using the model from (25). The dashed linessetR; = 1) Von Mises (VI\/I) - also known as the circular normal
Ofc + Q, where® and 2 are as in Table Il. distribution [12]:

il
I /‘/&\/ 1 APPENDIXA
/\ e COMPARISON OFPROBABILITY MODELS
/X-"W
‘ 6 8

4 iO 1‘2 1‘4 lé
f, [GHz]

1
pifyar (M) = gmrse™ ™00 (28)

VI. CONCLUSION ] - ]
o . . wherel,(z) is the modified Bessel function of order 0.
Results from an extensive indoor line of sight measurementz) Wrapped Cauchy (WC) [12]:

campaign in the frequency domain were presented. By extract

ing the spectral Ricean K-factor for different frequenciesl pdf e (Ad) = 1 1-p? (29)
terminal separation, an insight of the indoor multipatHutié wo 2 14 p? — 2pcos(Ad)
propagation and reverberation distance was given. 3) Wrapped Laplace (WL) [13]:

We found that the average K-factglr depends on Tx-Rx distance m—Ap | A

(R) via a power lawK (R) = (££)", where the reverberation pdfwy (Ag) = e te (30)
distance R4) and scaling parameten) were extracted. 2 e -1

For the central frequency range of 3 - 12 GHz the scaling pa-Wherex, p and~ are parameters that were extracted using
rameter () was approximately constant, and the reverberati@nlookup table againsta.

distance Ry) increased linearly with frequency. We assume

the reverberation distance increase is due to low reflestioB, Amplitude Distribution Models

form the walls _for h_|gh frequencies, meaning wea_ker MP_CS' For the amplitude distribution we compared the Rice distri-
The reverberation distance was found to be larger in theebigg, i1, (15) with the Rayleigh distribution (19), the Nakaga
room. We attribute this difference to the weaker multipat istribution and the Log-Normal distribution, all known to

components (MPCs) there. The direct path's power doagscribe the statistics of multipath fading channels:
not depend on room geometry or on frequency, but other

MPCs travel larger distances in the bigger room, and arel) Nakagami:

thus weaker there. Our results agree with a prediction qof [4] pdf () = 2pF ap1 -4 (31)
namely reverberation distance values that are propottiona Nakagams I'(p)wr

the square root of the room’s surface area. whereT'(z) is the Gamma function.

When testing the LoS spectral distribution we found that 2) Log-Normal:
the Rice model best described the phase distribution for all
frequencies, and best described the amplitude distribdtio

the frequency range of 4 - 15 GHz. In the 2 GHz bands
around 3 and 16 - 17 GHz the Nakagami distribution wa&herey, w, 6 andn are parameters that where extracted as
found to best describe the amplitude distribution. follows:

For the spectral and spatial NLoS distribution we found the

1 _ (n(r)—m?
252

d = 32
p fLog—Normal (T) 6\/%7‘6 ( )



1) For the Nakagami distributions the simplest parameters
estimation method is based on the first two moments qf;
the received signal power [10]:

(2]

& = mearfr?) (33)
(3]
. w2
H= W (34)

[4]
As in the Rice distribution case, we found that for our
measured data this method did not always give adequaité
results. In order to improve the parameters extraction we
used our estimate of the Ricean K-factor:

(6]

(35) [

(36)
[8]

Notice that for NLoS measurememis= 0, so according

to (17) and (35) we havd( = 0 andp = 1. Under [
these conditions, the Rice and Nakagami distributions
coincide with Rayleigh [9].

For the Log-Normal distribution, parameters estimatidh®l
using the first two moments of the received amplitudesi)
was found adequate [14]:

2)

[12]
: var(r)
1 [14]
7 = In (mearfr)) — 552 (38)

[15]

C. The Akaike Information Criterion (AIC) [1el
In order to examine which probability model best fits

our measurements, the Akaike information criterion (AIC),

presented by [15] and popularized by [16], was used:

S0y — fza))
k

AIC =2¢+kln (39)

Wherey, denotes the histogram of the measured déta;)
the pdf of the statistical modet, is the number of bins in the
histogram and; is the number of parameters in the statistical
model. As described by [16], the AIC is an approximately
unbiased estimator of the expected discrepancy, or distanc
between probability density functions.
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