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Phase Modeling of Indoor Radio
Propagation Channels
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Abstract—Two models for generating phase of individual multi-  buildings. The associated services cover a wide variety of situ-
path components in anindoor environment, partly developedin[1], ations ranging from communication with individual walking in
have been studied in detail. In the deterministic phase increment residential or office buildings, supermarkets, or shopping malls,

model (model ), phase of each multipath component is updated tc. to fixed stati di ¢ bots i tion i
deterministically using several independent random scatterers. In 1., 10 TIXed Siations Sending MesSSages to TokoLS i moton in

the random phase increment model (model I1), phase of each multi- 8ssembly lines and factory environments of future.

path component is updated by adding independent random phase  Multipath fading seriously degrades performance of indoor
increments. Performance of these models has been evaluated byradio communication systems. If the channel is well character-
means of extensive computer simulations. Statistical properties of ized. however. the effect of these disturbances can be reduced

narrow-band CW fading signals obtained using each phase model . . . .
have been compared wgi]th t%e corresponding regsults fOF; alarge em- by proper design of transmitter and receiver. Therefore, detailed

pirical wide-band database of 12 000 impulse response estimatescharacterization of radio propagation is a major requirement for
of indoor radio propagation channels. A major conclusion is that successful design of indoor wireless communication systems.

model I (with five scatterers for each multipath component) and  Measurements and modeling of indoor radio propagation
model Il (with proper choice for phase increments) provide fading  ~hannels have been reported in literature [1]-[16]. Reference

results consistent with those obtained from measurements. ) . - -
In this paper, properties of each phase model are described, [1] is a comprehensive tutorial-survey coverage of the topic. In

and an algorithm for generating each is presented. First- and [2], impulse response modeling of the indoor radio propagation
second-order statistics [amplitude distributions, level crossing channel has been investigated based upon a large database of

rates (LCR's), and average duration of fades (ADF's)] and 12000 impulse response estimates of the channel. Distribution
Doppler spectra of narrow-band CW fading waveforms obtained ot mitipath components in each impulse response, distribution

using simulated phases are reported, and detailed comparison f arrival ti f ltinath ¢ lation bet
between the simulated and empirical results is carried out. Fur- of arrival ime of muflipath components, correiation between

thermore, the two models are also compared with each other, and Path variables, and statistical properties of the rms delay
advantages and disadvantages of each are explored. The effect ofspread are reported in [2] and [3]. Distribution of multipath
increasing the number of scatterers and statistical properties of components’ amplitudes over both local and global areas is
phase increments in model | are studied, simulated, and compared addressed in [2], and details are presented in [4].

with model II. A major conclusion is that for an appropriate choice Perf f digiital icati t fing i
of parameters, both models provide satisfactory performance. erformance ot digital communication systems operating in

Computation time of model | is, however, on the average 1.7 times Multipath environments is very sensitive to statistical properties
of model I, making it less efficient for generating a large number of received signal’s phase. In [17], empirical probability density
of impulse response profiles. ) function (pdf) of signal phase for a land mobile satellite channel
The results reported in this paper can be used in performance s ranorted to be approximately Gaussian. References [6], [7]
evaluation of wireless indoor communication systems, either di- 18 drolh lored ts of ph deli ’ f '
rectly or by developing a comprehensive channel simulator. [ ]j and[19] a\_/e exp Qre Some aspects 0_ P alsef modaeling for
the indoor (mobile) radio channels. Some simplifying assump-
tions have been made in these investigations. For example, in
[6] and [7] it was assumed that over a length of 1 m in space,
all multipath components with the same delay are caused by re-
I. INTRODUCTION flection from the same fixed scatterer. In [18] and [19], it was
NDOOR radio communication systems provide wireles%ssumheOI tr;?t f?r: small spatltal sep_ara'ilr(])ns the an_(:{:]rl]e of am;’?'
transmission of voice and data to people on the move insi%ea_c multipath component remains the same with respect to
the direction of motion of vehicle (portable). To date, however,
no empirically driven model for signal phase has been reported
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up by the H. Hashemi. It consists of 12 000 impulse responsentain either one multipath component or no multipath compo-
profiles of the channel collected at two office environments [2hent. The possibility of more than one path in a bin is excluded.
Although the techniques described in this report have beArreasonable bin size is the resolution of the specific measure-
developed specifically for the indoor radio propagation channehent, since two paths arriving within a bin cannot be resolved
with proper modifications, the same ideas are applicable to otlaxr distinct paths. Using this model, each impulse response can
multipath environments, such as the outdoor vehicular mobbe described by a sequence of “zeros” and “ones” (the path indi-
channel. cator sequence), where a “one” indicates the presence of a path
This paper is organized as follows. Section Il provides backt a given bin and a “zero” represents the absence of a path in
ground information, including a review of the mathematicahat bin. To each “one,” an amplitude and a phase value are as-
modeling of the channel, and a brief description of the largmciated.
empirical database used in subsequent analysis. Phase modeling
of wireless indoor channel is carried out in Section I, anB. The Empirical Database

results of modeling are described in Section IV. In Section V, A |arge empirica| database of 12 000 impu|se response esti-
these phase models are compared with empirical data and withites of the channel previously collected at two dissimilar of-
each other. Algorithms for generating these phase values fig@ environments was used to evaluate performance and range
explained in Section VI, followed by concluding remarks obf applicability of each phase model. Details of the measure-

Section VII. ments and subsequent analysis of the data have been reported in
[2] and [3]. A brief description of the database, which includes
[I. BACKGROUND only relevant issues, is provided in this section.
A. Mathematical Model In a typical wireless indoor communication system two-way

. ] ] transmission takes place between a fixed station and moving
The random and complicated radio propagation channel g correspondingly, the following measurement plan was de-

be characterized using the impulse response approach: at &aghy: four transmitter—receiver antenna separations of 5, 10, 20,
point in a three-dimensional (3-D) environment, the channel ig,q 30 m were considered. For each antenna separation several
modeled as a time-varying linear filter with the impulse givep|aces for the base antenna were selected. The selection was

by made on the basis of what was considered to be typical posi-
NG tions for' base antelnrfu;i(;] futulrlelinSdoor syste(rr:s. qu eac)h antenna
_ _ 30k (t) separation, a total of 20 small 1.5-m areas (“locations”) was se-
Wt 7) = ; (D)ot = 7r(¥)]e @ lected for the moving portable antenna position, The selections
were made on the basis of good variation of typical conditions
where within the buildings. Each location was carefully chosen, with
t observation time of the impulse; both line-of-sight (LOS) and nonline-of-sight (obstructed) to-
T application time of the impulse; pographies included. The number of locations with obstructed
N(r) number of multipath components; paths between the transmitter and receiver was higher for larger
ar(t) random time-varying amplitude; antenna separations, consistent with conditions encountered in
(t)  arrival time; real-life wireless indoor communication systems. For each loca-
0.(t) phase sequences; tion 75 response estimates of the channel recorded by displacing
) Dirac delta function. the portable antenna in steps of 2 cm. It is important to empha-

The channelis completely characterized by these path variabkge that the measurement plan was entirely based on mathemat-
This mathematical model is a wide-band model, which has tieal modeling of the channel described in the previous section.
advantage that because of its generality, it can be used to obfhe above measurement plan was executed at two dissimilar
tain the response of the channel to any transmitted sigiaal office buildings. Since the geometry of the buildings made it im-
by convolving s(¢) with A(¢) and adding noise. It should hepossible to pick 20 portable locations per fixed site (base), the
noted that, due to motion of people and equipment, the inddmase sites were also varied for each antenna separation. This pro-
radio propagation channel is, in general, time varying. Howeedure brings the added advantage of making the results more
ever, during the “quiet hours,” the time-invariant version of thigeneral, as compared to scenario in which a single base station

model can be used as is selected for all measurements.
N The first building (Bldg. A) was a T-shaped modern
h(t) = Z ab(t — 11,) . @) three-story facility containing hard partition offices, hallways,

and laboratory space in addition to a number of soft-partitioned
cubicles. Measurements were performed on the first and third
This model was first suggested by Turin [20] to describe multitoors, with both transmitter and receiver antennas located
path fading channels. It provided a consistent model for cham the same floor. The second building (Bldg. B) was an
acterizing [21], [22] and simulating [23] the outdoor mobilectagon-shaped building with 27 floors. Measurements were
radio channel. A convenient model for characterization of multtarried out with both transmitter and receiver antennas on 19th
path propagation channels is the discrete-time impulse respofiser only. The floor plan consists mainly of hard-partitioned
model [12], [22], [23]. In this model, the time axis is dividechallways and soft-partitioned cubicles with standard office
into small time intervals called “bins.” Each bin is assumed trniture [2].

k=1
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The measurements were performed using a network analygeintin space is notimportant; emphasis of the modeling should
to measure the frequency response of the indoor propagatimplaced on changes in phase as the portable moves through the
channel between two discone antennas. In this method, tennel. Let;, denote the phase of a multipath component at a
channel is excited with tones over a wide range of frequenciéised delay for profile numbek, wherek = 1, 2, ---, numbers
The attenuation and phase shift of each frequency componadjacent points in space at a given site. Equivaleflymay
(caused by propagation medium) are measured. The netwddnote the phase of multipath component occupying a given bin
analyzer swept frequency band for the measurements wHee discrete-time impulse response model) at spatial goint
900-1300 MHz in 500-KHz steps (801 points). Base antenkar the first profile in a sequencg & 1), 8, is assumed to have
height was 2.5 m for Bldg. A and 1.7 m for Bldg. B. Thea U[0, 2x) distribution. Subsequent phase values are assumed
portable antenna height was 1.2 m for both buildings. to follow the following relation [1]:

Due to motion of people and equipment indoor propagation
channels are in general time varying. Since the purpose of these

measurements was to investigate channel’s variations in space O = Or—1 + 0(s1/2) C)
(not in time), it was essential to keep the channel stationary
during the measurements. All measurements were therefore geiere
formed at night or on weekends when there were few, if any, s, spatial separation betweeh { 1)st andkth pro-
other personnel in the vicinity of measurement setup. files;

The 12 000 measured frequency response data were later cory wavelength;

verted to time domain by classical Fourier analysis. Correspond—w(sk/)\)

. . , phase increment.
ingly, a large database of 12000 impulse response profiles r? a sequence of spatially separated profiles, the chain of values
obtained. Resolution of time domain data was 5 ns. The dva? d P ysep P !

were later reduced according to discrete-time impulse responséaémed by (3) is interrupted when a path in a given excess delay

model described in the previous section, with a bin size of 5 time (or at a given bin) ceases to exist. A new chain of values

Details are reported in [2] r'@’\'/ith uniformly distributed first component) starts if a path with
repe . : _ the same excess delay appears at a later profile.

An examination of impulse responses for both buildings re- ropriate choices fow(sy/\) will impose the necessar

vealed that in most cases, multipath components were detectabfoe‘pp P . Pisk b ) y

spatial correlation on phase values. Using this approach two

?hnaléfg(r)gxrcl:sess delays (i.e., delays beyond the LOS delay) of Iem(S)deIs for this phase increment are considered [1].

B. The Deterministic Phase Increment Model
I1l. M ODELING OF PHASE

In the deterministic phase model (model 1), changes in the

A. General Comments phase value of a multipath component at a fixed delay when

Performance of digital indoor communication systems is vepprtable moves through space is not random; i.e., kno#ing
sensitive to statistical properties of the phase sequhde Al-  andg(si/A), 6x (k = 2, 3, ---) can be calculated determinis-
though the importance of this issue has been recognized by niisslly.
investigators, a comprehensive search of the literature shows# simplified version of this model has been used by some
that, to date, no empirically driven model for the phase sequeripegestigators to model spatial variations in the phase of a mul-
has been reported [1]. tipath component. In one such application, it was assumed that

The signal phase is critically sensitive to path length arid a length of 1 m in space, all multipath components with the
changes by a factor @fr as the path length changes by a wavesame delay are caused by reflection from the same fixed (but
length (30 cm at 1 GHz). Considering the geometry of the patiigndomly located) scatterer [6], [7]. In this simulation applica-
moderate changes (in order of meters) in the position of portaliien, the initial phase was generated accordinglig® 2 ) dis-
results in a great change in phase. When one considers antghution. Other spatially separated phases (with the same excess
semble of points, therefore, it is reasonable to expect unifoelay) were obtained by adding(s,/)) to the previous phase
distribution; i.e., on a global basig; has alU[0, 2r) distri- value. The phase increment was calculated using the single scat-
bution. This phenomenologically reasonable assumption cantbeer and local geometry [6], [7]. This is a one-hop model which
taken as a fact with no need for empirical verification. For smagxcludes multiple reflections. This phase model was used in a
sampling distances, however, great deviations from uniformigymulation package for predicting the impulse response of open
may occur. Furthermore, phase values are strongly correlategli#nt and factory environments.
the channel's impulse response is sampled at the sampling ratk two other simulation applications, the deterministic phase
(tens to hundreds of kilohertz). Phase values at a fixed delay fopdel has been used for the mobile and indoor channels [18],
a given site are therefore correlated. Adjacent detectable mili9]. In both applications, it waassumedhat the angle of ar-
tipath components of the same profile, on the other hand, hawal of the nth multipath component with respect to the direc-
independent phases since their excess range (excess delay tiaui-of motion of vehicle (portable),, remains the same for
tiplied by speed of light) is longer than a wavelength, even femall spatial separations. Therefore
very high resolution (a few nanoseconds) measurements [1].

Taking the above into consideration it is reasonable to assume 27 sy,
that the absolute phase value of a multipath component at a fixed e(sk/A) =

cos Py, (4)
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For mobile channel),, (n = 1,2, 3, ---) were generated Snan S ellipss n
according to a uniform distribution. The power spectra of sim
ulated CW data generated using a wide-band channel simula
(reported in [23]) showed better agreement with theory [18]
when compared with the spectra obtained using the rando |
phase increment model (which is described in Section llI-C) |
For the indoor channel),, (n = 1, 2, 3, ---) were estimated | Transmitter (T) Par B
with a 5° resolution based on measurements and by usir \\

Fourier transform method (details are reported in [19]).

In the previous application of the deterministic phase incre /
ment model [6], [7], [18], [19], it was assumed that each mul -
tipath component results by reflection from a single reflector.
This seems to be an oversimplification of the principal reality ¢fig. 1. Phase updating at a fixed excess delay in model I.
the channel, since in practice there may be many indirect paths

between transmitter and receiver for each multipath componestipse is
The resultant “subcomponents” will arrive with the same excess

delay and add vectorially to produce one “distinct” resolvable ) M o
multipath component. The deterministic phase increment modélk, ne’®* " = Z Qg n,me” H ™ n=12 -, Ny
described in this work is, therefore, a multiple reflector model. m=1

: : : ()
The phase value of a multipath component of a given profile a\t/v?{]ere% w.m @Nd0y . are the real attenuation coefficient

given excess delay is the phase .Of the phasor sum of Ind'\/'d%nd phase shift, respectively (relative to the LOS path), of paths
co'nfml')utlng subcomponents. Th|§ P hase value is updated der%ﬁected from thenth scatterer located on tigh ellipse, when
ministically as the portable (receiving) antenna moves throu%ortable is in itscth position.M is the number of scatterers on

the channel. ach ellipse and?;_, and ¢y , are the amplitude and phase

The Iocuts O.Iha” ?catterers (éoTtrlputmg tﬁ. a smgiﬁ tﬁf]\ultspa the multipath component with excess defay,. Using the
component With a fix excess defay 1s an efipse wi € tran eometry of Fig. 16x, ., ., the phase contribution of theth

mitter apd receiver positioned .at its focal points. Different co Catterer on thath ellipse for the portable positid is calcu-
focal ellipses correspond to different excess delays. Scatter Rd from

are distributed uniformly on the perimeter of each ellipse.

The resolution of measured datazig = 5 ns. In the dis- 27
crete-time impulse response model each multipath componeﬁ’t’"’ m = Ok 1 m,m + By (TS, mPi| = [TSn,mPi-a]) -
is assumed to arrive at the center of each bin. Adjacent (in time) (6)

components are, therefore, = 5 ns apart. The corresponding! '€ Sécond term of (6) can be represented as
adjacent ellipses have a “resolution”@f, /2 = 75 cm, where o
cis the speed of light and separation between two ellipsesis de- Ay ,, m = oY (|70, mPr| — |TSn, mPr-1]) . (7)
fined as the difference between excess range (range beyond the
LOS) of two rays reflected from two scatterers, located on tweherefore, (6) is rewritten as
consecutive ellipses.

Referring to Fig. 1, portable moves from right focus of el- Ormom = Ok—1.m,m + DB, n,m- (8)
lipses in the direction of positive main axis. The channel is sam-
pled at the sampling distané& which is 2 cm for the measured|n Fig, 1,7 is the left focal point of the confocal ellipse, and
data. Considering the maximum excess delayef, and bin  p, . "are positions of the portable ath and ¢ — 1)st sampling
resolution of 5 ns, the maximum number of confocal ellipses {fstances, respectivelss,, ., is the mth scatterer on theth

N = 100. Let M denote the number of scatterers distributed af)jipse, and\ is the wavelength. The equation of thih ellipse
each ellipse. Theuth scatterer on theth ellipse,l <m < M, (i e the ellipse corresponding to théh bin) is

andl < n < NislabeledS,, .. Foragiven position of portable

and a fixed excess delay rays are received through reflection 22 42

from the M scatterers. As mentioned earlier, some ellipses do 2 + 2 =1 9)
not exist because there is no multipath component at the corre- " "

sponding-bin in the discrete-time impulse response. Therefopsnoting the distance between the base and portable antennas
N is arandom variable and, consequently, impulse respons@wab and the abscissa of theth scatterer by, the value of

the kth spatial position is given by (2) withi(t), ax, n. Tk,n. Ay, . in (7) is calculated as follows:

6k n, and Ny, replacingh(t), ax, 7, 0k, and N, respectively.
Ny is the number of multipath components in thil profile
andag, », Tk, n, 0, » are the random amplitude, time of arrival,
and phase of theth multipath component at thith profile,
respectively. At thesth position of portable, the amplitude and ~V(r+KD—D—u,)’+4} - c?,,a:?n)
phase ofrth multipath signal resulting from scatterers-attn (10)

2
Aﬁk, n,m — _7r

« (VO+ KD =22+t - at,
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wherec,, = ¢,,/p, andD is the sampling distance. Using (5).60 » &, Sn,m anday, » m, the value of<p§f)n in (12) is calcu-

phase of thesth multipath component of theth profile is lated deterministically. This is the reason for the notion “deter-
ministic phase increment model.” As a special limiting case the
M number of scatterers on each ellipse may be séf at 1. For
Z k. SID B, this case (12) reduces to
Grn = tan~t | =L . )
! M <P§j)n =0k n,1— Or—1,n,1
Z Ak n,m COS ek,n, m :Aﬁk,n,l
m=1

= 2% (|70, 1P| = | TS50, 1 Pe—1l) (16)
The difference in phase of two multipath components occupying

bin n of two spatially adjacent impulse response profil@%,)n and, subsequently, the relationship for updating phase (15)
defined aspx, n — @11, x, iS given by (12) at the bottom of the changes to

page, where superscrigf)(is used to indicate the phase change

(i.e., the phase increment) of model I. Now the resultant CW Gr,n = Pr—1,n + AP, n,1 (17)

envelope fading waveform at tti¢h point in space is which is quite clear from Fig. 1.

In the remainder of this section, the expression for parame-
tersp,, andgq, of thenth ellipse (corresponding to theth bin
in a profile that has a path component) is provided (derivation

N
Rge?® =" Ry, ned®r, (13)
n=t appears in Appendix A)

The corresponding amplitude is calculated usin
P 9 P 9 Pn+1 =Pn +c1o

N 2 Gnt1 = \/qr% + 2pncro + 273 (18)
Ry = Ry cos(Gn1,n+ Py : L
<nz_:1 ( . ) It should be emphasized that the model described in this sec-
oy 1/2 tion is a comprehensive multiple reflector phase model which
N ) % does not have limitations of other simplified deterministic phase
+ Z Ry, n Sln(¢k—1,n + <Pk,n) - (14)  models.
n=1

C. The Random Phase Increment Model

In the deterministic phase increment mod&l, independent  |n the random phase increment model (model 1), the phase
scatterers are uniformly distributed over the perimeter of eagitrementis a random variable, i.e., starting witii[a, 2x) ini-
ellipse. For a given excess delay, phase of the first multipail phase, each subsequent phase value is obtained by adding a
component is generated according &0, 27) distribution. random phase increment to the previous phase value. Suppose

When the portable moves from poiht- 1 to pointk in space, P, m andwéffl) are the phase and the phase increment compo-

the phase is updated using nent, respectively, at theth bin of thekth profile. Path phase at
thenth bin of the & + 1)st profile is given by
P = Bretin + P - (15)
7 Prtl,n = Pr,n + <P§fi) (19)

This process of phase upda_ting in space cqntinues until a p\?vWere superscript (1) is used to indicate model Il. Phase up-
in the given excess delay (bin) ceases to exist, When_a Comgfiqg mechanism of (19) can also be written with reference to
nent at the same excess delay becomes present again a ney Seliiol path hasey . i.e

of randomly positioned scatterers are generated on the same el path p 0y 50

lipse using a uniform distribution. It should be emphasized that k
in this model the initial positions of scatterers on each ellipse are Pritn = don + Z (p(H) (20)

random, but updating of phase is deterministic; i.e., knowing P o

M M
E E Ak n,my Ok, n,mo Sin(ek,n,nn - ek,n,rng)

1 mi=1mo=1
M M

5 5 Ak, n,mi Xk, n,mg COS(ek,n, my T ek,n, rn,2)

mi=1mo=1

i = tan™ (12)
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Using the following notation: 75, with a sampling distance of 2 cm. Each segment of CW en-
velope fading waveforms, therefore, spans a length of 150 cmin

K an space. The CDF, level crossing rate (LCR), average duration of
Cheyn = Z Pin (21) fades (ADF’s), as well as Doppler spectra of simulated and mea-
=0 sured CW envelope fading data were obtained and compared. In

the following, the results for each model are reported separately,

the phase updating relation (20) changes to and then compared.

Prtt,n = Gon + G- (22) B. Results for Model |

The distribution of phase tends to Gaussian, following the cen-As described in Section IlI, in the deterministic phase incre-
tral limit theorem. Generally the parameters of probability disnent model, each multipath component results from reflection
tribution of this increment are functions &f/ A. As an example, by M independent uniformly distributed random scatterers po-
<p§f{3 can be assumed to be a Gaussian random variable wéttioned around a given ellipse. Meanwhile, reflection coeffi-
zero mean and standard deviation . By makingo,,, anin-  cients corresponding to scatterers were assumed to be indepen-
creasing function o/ (or s, for a fixed\), the degree of cor- dent random variables with a uniform [0, 1] distribution.

relation betweer._1 , andgy, , can be controlled. For = 0, The simulations were performed using one, two, five, or ten
050 = 0, andf_; = 6 (assuming space-invariant channel)scatterers on the perimeter of each ellipse. CW fading wave-
The correlation betweety._1, , andes, , decreases ag,/» in-  forms were generated, and their Doppler spectra and CDF’s
creases until they become uncorrelated. In the phase incremgsie obtained and compared with the corresponding empirical
model described in this papes!?) (s;/)) is assumed to be curves. Portion of the results are reproduced in Fig. 2. It should
a zero-mean Gaussian random variable with functional formpé noted that in applying the deterministic phase increment

standard deviation given by model if the number of scatterers on each ellipgeis even,
half of scatterers are distributed on the upper half ellipse and
T1/3 = Ounax (1 _ (;b(s/A)) ) (23) half on the lower half ellipse. I/ is odd, one-half ellipse will

have one more scatterer than the other half ellipse. Results of
ee_xtensive simulations show thaf = 5 (three scatterers on the

omax andb are controlling parameters, the values of which d half ell dt the | half ell q
termine degree of correlation on spatially adjacent phase coffpper hall eflipse and two on the fower halt Ipse) produce

ponents. The random phase increment model with the Salzﬁgsonably accurate phase values. )

functional form of phase increment [Gaussianly distributed in- N order to analyze the model, for each location a number of

crement, (si/\)] has been previously used in the Simulationtermedlate |mpuI§e response proflles were generated in be-
of the phase components of a wide-band mobile radio chanf¥feN €ach of 75 wide-band profiles. The number of generated
[23]. _profllesJ_Z changes the sampling dlstanceDgL. Since empir-

As in model I, in this model the phase updating process liﬁal profiles were recorded at as_qmplmg distance of 2 cm, pro-
space is interrupted when a path component ceases to exiélj%ﬁ genera_ted In between emplrlcal samples were _assumet_j to
a given bin. A new[0, 2r) distributed phase is generated if 6{1ave_ t.he arrlvgl time and amplitude sequences of their preceding
path with the same excess delay appears at a later profile, §AgPirical profile; only the phase sequences were updated at each
random updating procedure starts again. point using the phase models. Du_e to r_ugh correlation on ampli-
tude and arrival times at a sampling distance of 2 cm (reported
in [2]), this approach is justified. It should be mentioned that
phase is critically sensitive to path length and therefore it should

In this section, performances of the two phase models dgs updated more frequently. The number of profiles generated
scribed above are evaluated by means of extensive compyefiveen empirical profiles was set at 1, 4, 5, and 20. The corre-
simulations. The results of simulations are Compared with th0§§onding Samp“ng distances are 1 cm, 5, 4, and 1 mm, respec-
of the empirical wide-band database described in Section ||.tive|y_ To save space 0n|y part of the results are reproduced in
Fig. 3. Inspection of these figures indicates that a sampling dis-
tance of 2 cm is sufficient to record main features of the channel.

In order to study the validity and suitability of each phase Each empirical data record (impulse responses collected in
model, sequences of impulse response profiles were generated location) is 1.5 m long. In two other simulation approaches,
employing empirical path arrival times and path amplitudes, arach such record was divided into three segments, each 50 cm
simulated phase values. The simulated phases were obtailoed) and five segments each 30 cm long. (Wavelength of trans-
using each model under diversified sets of conditions. Cumulaission is 30 cm.) CW fading characteristics were obtained
tive probability distribution function (CDF) and other statisticafor each new shorter data segments. To save space only part
properties of the empirical and simulated phase increments wefehe results are reproduced in this paper. Fig. 4 shows first-
obtained and compared. Furthermore, a CW envelope fadigugd second-order statistics of the empirical and simulated CW
database was set up by vector addition of all multipath comprading waveforms when all data for both buildings are com-
nents of each impulse response profile (13). The number of ebired. Inspection of plots depicted in Fig. 4 indicates that first-
pirical impulse response profiles measured at each location veasl second-order statistics of CW fading waveforms of model |

IV. RESULTS OF THEMODELING

A. General Comments
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Fig. 2. CDF of CW waveforms of empirical data and model | for Bldg. B, antenna separation 10 m, location 1, with one, two, five, and ten scatterers.
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Fig. 3. CW fading waveforms of empirical data and model I. Bldg. B, antenna separation 10 m, location 1, with sampling distance of 1 and 5 mmand 1 and 2 cm.

show very good agreement with those obtained from measuleted and empirical data records confirms applicability of the
ments. Furthermore, comparison of the large number of simieterministic phase increment model.
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Fig. 4. CDF, LCR, ADF, and Doppler spectra of CW fading of empirical and model | simulated along a track of 150 cm. Data for all antenna separations of both
buildings are combined. Portable speed assumed to be 25 cm/s.

C. Results for Model Il covering one wavelength (30 cm). The CDF, LCR, ADF,
and Doppler spectrum of the empirical and simulated CW
In the random phase increment model, for each portable pasivelope fading data were obtained and compared. First-
tion in space a Gaussianly distributed phase increment was ggfid second-order statistics of CW fading data (empirical and
erated and used to update phase. The functional form of standgrflulated), when all data of two buildings are combined are
deviation of the phase increment is given in (23). As mentiong#own in Fig. 5. Detailed study of fading statistics generated by
earlieroyax andb are controlling parameters. Their values dethis model provides excellent agreement with empirical data.
termine degree of correlation on spatially adjacent phase coayain, the large database used for performance evaluations
ponents. Numerical values,,.. = 10° andb = 1 obtained confirms the validity and applicability of this model.
in similar modeling for the mobile channel [23] were used in Meanwhile, extensive simulation of model | when the number
this work. In [23], the values of parameters were obtained Iy scatterers becomes large has also been carried out. Results
computer simulation using the following approach: over locghow a good agreement between models | and II. For example
(small) areas the phase components should exhibit the right dgnulation shows that the average standard deviation of phase
gree of spatial correlation, while over global (large) areas theiicrements of model | (with five scatterers) is .8 model Il
distribution should approach that oflg0, 27) random vari- the standard deviation of phase increments is not constant and
able. It should he noted that wavelength of transmission in [28hanges with the position of the portable. Averaging the stan-
is also around 30 cm. dard deviation of phase increments of model I, i.e., (23), over
Again, for an exact analysis of this model the total arghe distance traveled by the portable, ife\,= 150 cm, gives
covered by the portable in each location is divided to thr&e32 which is consistent with the value obtained from simula-
segments, each covering 50 cm as well as five segments etighs of model I.
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Fig.5. CDF, LCR, ADF, and Doppler spectra of CW fading of empirical and model Il simulated along a track of 150 cm. Data for all antenna separations of bot
buildings are combined. Portable speed assumed to be 25 cm/s.

V. COMPARATIVE EVALUATIONS of standard deviation given in (23). According to (21) then, the
mean value of}, ,, is zero and its variance is given by

A. Comparisons with Empirical Data N
2
228" g2 (1t 24
A comparison was also made between path phase distribution o ; O macx ( © ) (24)
of each model with those of the measured data. A single bin was
considered and it was assumed that a path is present in that b'u}] he derivati . ) gi q
over all profiles. In model I, according to (12) and (18), , is “Vith the derivation given in Appendix B, (24) reduces to

al]o, 2x) distributed random variable ang. ,, is a determin-

istic phase increment. The pdf gf. ,, is a Dirac delta function ) ) 1 — ¢~ 26D(k+1)/A

located at the calculated valuegf ... Therefore, the resultant 9¢ = %max’ <k +1+ 1 — e—26(D/N)

path phase has a pdf which is the convolution df @, 2x) 1 o=bD+1)/A

density function with5 (¢, ). The resultant is &[0, 2r) pdf _2W) (25)
shifted by the value op;, ,,. Removing modul@~, the pdf of ¢

¢, » Will be uniform.

Referring to (20)—(22), in model Il initial phasg, ., has a Therefore, ifk is large one can assunjg ,, to be a zero-mean
U[0, 2r) distribution;¢y, », is the summation of several indepenGaussianly distributed random variable with the variance given
dent zero-mean Gaussian increments with the functional form(25). Now considering (22), due to independence®f, and
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Fig. 6. CDF of path phases of empirical data and simulated models | and Il. Bldg. A, antenna separation 30 m, location 15.

Cx, n, PAf Of ¢, Will be the convolution of pdf ot ,, [which (i — 1) components. In model Il denoting the number of com-
is U[0, 27)] with the distribution of¢y ,, (which is Gaussian). putations required to generate each uniformly distributed initial
The final result is (derivation in Appendix C) phase value by#, and the number of computations required to

update each path phase valudhythe average number of com-
¢ putations for all excess delays and all profiles will be
1 — +
Plonn<d=5- [ (2(*57)-e(*E7)) @ B
- NCmodelH = [GQ + (Kl - 1)[]2]]\70,1;F:L (28)

- [mod(2x)], —r<é<T (26)

whereN,, is the average number of multipath components in
each profile. In model I, phase of the first path is generated ac-
cording to &’ [0, 2x) distribution and is updated based on (15).
Qy) / —u/2 g (27) In this regard, the number of computations for generafifig
\/% scatterers on each ellipse and for generatioMoéttenuation
coefficients ¢, », ») should be added to the number of compu-
In Fig. 6, the cumulative distribution functions of path phasdations required to updaté{ — 1) path phases [based on (12)].
for both models and for empirical data are shown. This figui2enoting the number of computations needed to generate ini-
shows consistency and good fit between the distribution of pdthl phases by7; and the number of computations required to
phases of both models with each other and with empirical datgndate phase in model | withi;, the average number of com-
putations for all excess delays of all profiles in model | is

where

B. Computation Efficiency of Each Model

. Before commentiqg on cor_nputatipn efficiency of the'modeIsNCmOdelI — [G1+ MG+ MGy (K —1 )Ul]Nab K . (29)
it should be emphasized again that in both models chains of spa-
tially correlated phase values are interrupted when a path at a

given excess delay (bin) ceases to exist. A new chain of phdde ratio of the number of computations (NC) of two models,
values, with uniformly distributed first component starts if ae.,t = NCyodel11/N Cuodel1, 1S Used as a criteria to com-
path with the same excess delay appears at a later profile. It pase efficiency. When the number of scatterers in the determin-
been shown in [2] that amplitudes of multipath components bistic phase increment model increageggcreases implying that
come essentially uncorrelated at spatial separations greater timalel |l is better. The rati@ = 1 is obtained at\/ =

10 cm. Assuming the same degree of correlation on path arriidderefore, with two scatterers the two models have similar effi-
times, on the average, every 10 cm of space the sequence of cmncy. By considering only one scatterer on each confocal el-
related phases are interrupted. Assuming a sampling distancbsfe, the deterministic phase increment model is more efficient
2 cm, on the average after ealhh = 10 cm/2 cm= 5 times than the random phase increment modeMlexceeds two, the

of phase updating the sequence is interrupted and new phaselom phase increment model is more efficient. In model |
components with new scatterers are generated. In the randaith five scatterers the exact valuetof* is 1.67, implying that
phase increment model phase of the first component is seledieel random phase increment model is 1.67 times faster (more
according tol/[0, 2r) distribution and is updated for the nextefficient) than the deterministic phase model.
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It has been shown in the previous section that for right choi kfl )E, ’é é 0 é é
of parameters both models | and Il are capable of producing re ,_; n ’ n n ’
able estimates of signal phase. The above comparison, howe
shows that for generating a large number of phase compone /=2 5 0 : : s 0
typical in simulation applications, the random phase increme -, ' n I '
model is computation-wise more efficient and therefore mo

. =3 0 X X X 0 N X
practical. = G U U G
k=3 U U y

VI. SIMULATION ALGORITHMS
k=4 X X X 1} 0 X
=4 G U, U, U,

In the previous section, the two phase models were descrit
in detail. The models were incorporated into a simulation to
that generates consistent sets of phase values for multipath c
ponents of consecutive impulse response profiles. Spatial col
lation is imposed using models | or IIl. The user decides on tl
choice of the phase model. Simulation of the phase is perforrr
according to the algorithms described in this section.

profile number

indicator of presence of a path component

indicator of absence of a path component

=1 generating of scatterers around ellipses, Model /
=2 generating of new initial phases, Model /7
updating of phase, /=1 Model 1, i=2 Model I

o oewnx

A. Model | Fig. 7. Phase initiation and updating for both models.
The simulation proceeds as follows: initial parameters of the

model (antenna separation, sampling distance, number of S(ff"‘ttﬁere was a path in thith bin of the n — 1)st profile, how-

terersM, wavelength of transmissiok, and binwidthr,) are . : .
read into the program. Sequences of ones and zeros (path i%{le_r, a phase increment is generated according to a zero-mean
cator sequence) for eéch profile are also read, where a one inﬁ,?t_ussian distribution with a standard deviation given in (23);

. ) . 1 6N this normally distributed increment is added to the pre-
cates presence of a multipath component in the given bin, an : .
zero indicates absence of a path in the corresponding bin. For> ph‘?‘se value to obtain current phase value [see .(.19)]' This
each one, in the first profile@][0, 2) phase value is generated.process is repeated for il excess delays and aif positions

For theith bin of themth profile (m = 2,3, 4, - - ), path phase pf p(_)rtable. A graphical description of this algorithm is depicted
is again generated accordingfgo, 2x) distribution if theith nFig. 7.
bin of the ¢n — 1)st profile does not contain a path. If a path
appears in théth bin of the (n — 1)st profile, a corresponding
ellipse is generated and scatterers are placed with a uniform |n this paper, two phase models for the wide-band indoor
distribution on its perimeter. Phase of the patlitatbin of the radio propagation channel were proposed and studied in great
mth profile is then updated using (12) and (15). Since scatterefistail. In model |, phase of each path is updated deterministi-
are made of different materials with different reflection propeeally using several random independently located scatterers for
ties, for each scatterertd[0, 1) random attenuation coefficienteach multipath component. In model Il, phase of each path is
is also generated. This updating process is repeated fatitheupdated with random independent Gaussian increments whose
bin of subsequent profiles until a path becomes absent in tkaindard deviations change with distance. Performance of these
bin. The process restarts with generation of new random indgedels were evaluated by means of extensive computer sim-
pendent scatterers on the same ellipse when a path compomgations and by utilization of a large database of 12000 im-
appears again at theh bin of a later profile. The phase of thispulse response profiles of the channel measured at two dissim-
initial component is again generated according 3@, 27) ilar office buildings. First- and second-order statistics of the
distribution. narrow-band CW fading waveforms were obtained using simu-
It should be emphasized that a groupMdfscatterers corre- |lated phases, and compared with those of empirical data. It was
sponding to théth bin of a profile is generated independently o§hown that model | with five independent scatterers for each
the group of scatterers for thiéh bin. This is because path com-path, and model Il with appropriate choice of standard devia-
ponents at different excess delays are assumed to be reflectetidiyof Gaussian increments both provide results consistent with
independent set of scatterers. empirical results. Multiple reflectors are considered explicitly in
model I, while in model Il itis implicitly included. Furthermore,
B. Model II the two phase models were compared with each other. Statistical
Simulation algorithm for the random phase increment modetoperties of phase increments in model | were studied simu-
is identical to the one proposed in [23]. After entering input pdated and compared with increments of model Il. It was shown
rameters the simulation proceeds as follows. For every bin thiat with five scatterers, phase increments of model | agree well
the first profile which has a path, the phase is generated imith the normal distribution of phase increments of model Il.
dependently according to &[0, 2w) distribution. For a path Standard deviation of phase increments in model | shows good
in the ¢th bin of themth profile (if such a path exists), whereagreement with the standard deviation of phase increments of
m =2, 3, 4, -- -, the phase is generated accordingld@ 2x) model Il. Comparison of these models was also carried out from
distribution if there was no path ith bin of the ¢n—1)st profile. computational efficiency. It was shown that with five scatterers

VII. CONCLUSION
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in model I, model Il is 1.7 times faster (more efficient) tharThe second and third terms of (B.3) can be written as
model I. Therefore, it is recommended to employ model Il in

the simulation of phases of the indoor radio propagation channel AT T S

when large number of profiles are to be generated. Increasing Z z' = 1=

the number of scatterers in model | makes this model more ac- i=0

curate, but less efficient and therefore less attractive for large k by 1-— 7 2(k+1)

simulation applications. The models and results reported in this Z A R (B.4)
paper can be used in the simulation and performance evaluation =0

of indoor wireless communication systems. Substituting (B.4) in (B.3) gives (25).

APPENDIX A
APPENDIX C

As described in Section IlI-B, in the deterministic phase in- ivati £ (26
crement model the portable antenna is assumed to be initiaII)Pe”Va ion of (26).

located on the right focal point of confocal ellipses. A maximum Since ¢o, apd Ck,n are independent,.the pdf of the sum
ds_the convolution of the pdf of each variable. Instead of con-

yalving aU[—m, w), with a zero-mean Gaussian pdf it is easier
convolve derivative of pdf[—=, ), which is two Dirac delta
nctions with weights /27 and—1/27 located at-= and,
r{gaspectively, with the Gaussian pdf and then integrate the re-
sult. Denoting thd/[—, =) distribution of¢g ,, by f1(z), the
zero-mean Gaussian distribution with varianéeassociated to
Cr, n DY f2(z) and the pdf ofp;. ,, by f(x), one obtains

ation of ellipses depends on existence of a path componen
the given excess delay. Referring to the equation of ellipses (%}
with transmitter and receiver located at\/(p% — ¢2), 0) and
(P2 — ¢%), 0), respectively, the distance between two co
secutive ellipses [assuming path components exist intthand
(n+1)stbins] iscrg (7o is binwidth and: speed of light). There-

fore
Dntl = Pn + CTo (A1) 1 x
N @ =5 [ Gly+m) - py-mdy (€
due to confocality of ellipses we have d e
Qntl = \/q,% + 2ppero + 78 (A.2) which reduces to

It is assumed that with a maximum displacementiab the 1 K
portable does not leave the first ellipse. Therefore, with the anf (@) = omo/2m / (
tenna separatiofr, parameterg andg of the first ellipse will —oo

o~ (wtm)?/20% Cf<y7w>2/202) dy.

be (C.2)
Denoting(y + 7)/o by v and(y — 7)) /o by v (C.2) reduces to
pr=r7+ KD oy
= KD(KD +2r). A3 1 1 >
@ = VED(KD +2r) (A3) foy= L .
27 | V2
APPENDIX B ) r—m/a
Derivation of (25). —— / e 2 dy (C.3)
. . n) . . kY4 27
Since the phase mcremenﬁém are independent, variance —oo
of (i n IS

which is the same as
k

2 k 2
R I R PR IV S

Subst|tut|ngLD for s; in (B.1) (D is sampling distance) results = [Q < ) —Q < )} . (C.4)
n T (o2 g
k 2 i
O,g _ Z o2 (1 _ CfbDi/)\) ' (B.2) Removing modul@~, the CDF of¢;._,, reduces to (26).
1=0
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