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Abstract—In this paper, a new Ultra Wideband (UWB) chan- In this paper, we propose a frequency domain channel
nel estimation algorithm, UWB-SAGE (Space Alternating Gener- - sounding scheme for UWB system, namely Ultra-Wide Band-
alized Expectation Maximization) is proposed. In the algorithm, a width Space Alternating Generalized Expectation Maximiza-
novel UWB signal model which is an extention of the conventional . . k
wideband signal model is employed in order to estimate the t|pn (UWB'SAGE) allgorlthm. In Fhe algorithm, a ”9V8' UWB
UWB channel with SAGE algorithm. The algorithm divides Signal model which is an extention of the conventional wide-
the measured data into individual ray paths and estimates the band signal model is employed in order to estimate the UWB
directions of arrival, propagation time, and the variation of the  channel with SAGE algorithm. The SAGE algorithm has been
amplitude and phase during the propagation for each signal. The adopted for wideband channel estimation [5], [6]. In UWB-
measurement campaign in indoor environment was conducted . . . ’ )
and it was shown that the algorithm could correctly extract the SAGE’ waveform estimation 'Sf not necessary becau_se the
inherent propagation phenomena of the channel. The estimation algorithm assumes the transmit waveforms to kp@wn in
result can be very useful for the design and analysis of UWB the receiver side and employs frequency domain processing.
communication system, especially for the evaluation of waveform The frequency domain measurement is easily implemented
distortion and multipath effect. with vector network analyzer and spatially scanning antenna

[7] thus the algorithm is applicable for real environment

. INTRODUCTION estimation. Note that the UWB communication is deployed

Recent communication networks are required higher deg8!y for short range environment so that it is enough to
rate than ever and the UWB communication system h&ansider the network analyzer based system.
drawn a lot of interests as a promising scheme to realize this
requirement. In order to construct an efficient UWB system, Il. PATH MODEL

it is required to investigate the propagation channel where the | o ray based propagation model which is applicable
system is to be implemented . Characterization of the chan high frequency waves (also for UWB communication)

has been done by estimating the directions of arrival (DOA)-an be defined that one propagation path has DOD, DOA
and directions of departure (DODs) and the times of arrivghd TOA that does not depend on frequency, but has a
(TOAS). of _the waves from .TX to Rx. Channel modelllng an‘firequency dependent complex gain. Herein a single directional
clusterization of the potential scatterers are also |mportant.measurement model is considered i.e.. DOD is not estimated

There have already been constructed theoretical and §%hce the transfer function of one ray palif, o1, 0;,7) is
perimental schemes of channel sounding for Wideba@Qpressed as

channels[1], [2]. The measurement is often conducted by using

PN sequences and data processing is done in the frequency ui(f, é1,00,m) = au(f, )ri(f) DS, d1, ;) (2)
domain. In the modelling of collected data, it is required

that the variation of transfer function within the consideredhere

bandwidth B and antenna aperturd is sufficiently small,

. e T, . propagation time,
namely, a condition

o ¢; . arrival azimuth angle,

Bé <1 (1) o 0, : arrival elevation angle,

c o oy(f,m) : complex gain of the spatial propagation,
must be held whereis light velocity. However, this condition ~* 7:(f) : scattering loss, _
is not satisfied in UWB systems. o D(f,¢:1,6,) : radiation pattern of Rx antenna for a single

For UWB channel estimation, the use of Sensor-CLEAN  Polarization.
algorithm has been proposed [3], [4]. This algorithm estimatéiote that the gain of Tx antenna can not be modeled in
not only DOAs and TOAs but also incident waveforms, thugqg. (2). Therefore, this effect is included in(f) in this
sequential data in time domain is necessary. model. a(f,7) can be expressed as the extension of Friis’



Incident direction For simplicity, we vectorize the data defined in Eq. (4) as

y:. = [y1,1,1,z' Y2,1,1,4  YMy, 1,14 Y1,2,1,6 00
T M
Ymy Mo, 1,4 Y1,1,2,4 ° - yl\/ll,JWg,J\lg,i] eC
= A;s;+n,, 8)

where M = M, M;Ms andn; is noise vectors; denotes a
transfer function vector that is composed of propagation and
6 : 0 ~ 90 [deg] : Elevation angle, antenna characteristics of each wave. Namely,

¢ : 0 ~ 360 [deg] : Azimuth angle si = [s14 824 - SL_J.]T
= [al(fm:ﬂ'l)?"l(fci)D(fci,¢1,91)7
ar(fei, o)7L (fei)D(feis 61, 01)]" € CL. (9)
The multi-dimensional mode matriced; € CM*L is ex-

Fig. 1. Definition of Angles at Rx

Transmission Formula, pressed as Eq. (10),
. A=A () o A (1P 0 Ay (1Y), 10
al(fa Tl) — exp (_J27r7—lf)~ (3) Q3 (Mz ) (Mz ) (Mz ) ( )
Amm f where

1. UWB-SAGE ALGORITHM r r N

Aiu) = [ai(uﬁ,g) ai(u(L,l)} , (11)
UWB-SAGE algorithm is based on the Maximum Likeli- ) . () i1y 1T

hood Estimation (MLE) and has a high resolution in separating az‘(ﬂz,i) = {1 N “’”’} ,  (12)

the incident waves. and o denotes the Kronecker product of each column of the

matrices.
A. The Data Model The UWB channel model can be derived as a simple
Suppose that UWB channel can be expressed as the swperposition of this subband model.
perposmon_ ofI_ s_ubbgnds where the scattgrmg loss and tIEe_ SAGE Algorithm
antenna directivity within each subband is assumed to be

constant. When we focus on théh subband whose center MLE estimates a component that maximize the likelihood
frequency isf. (1 < i < I), we can formulate a model function, which is the probability of observing the measured

of a measured transfer function. Suppose therelamaves data by assuming that the data follows a certain distribution. In
incident to uniform rectangular array (URA) in horizontthe consi_dered.signal model, the receiveq signal is perturbed
plane which has equally spacéd,, M, antenna elements in by gaussian noise. Therefore, the probability of generating the

azimuth and elevation directions. The azimuth and elevatiig@sured data vector; from signal component vectos;,
angles are defined as Fig. 1. The element spacinga a@nd p(yilms) is

A,, respectively. By performing/; frequency sweeping with My Mz Ms 1
sampling intervalA; at center frequency.;, the measured p(yilp;) = H H H (MX
transfer functionyy, x,.r, iS denoted as Eq. (4), k1=1ks=1ks=1
C_ |2
I 3 " exp |:_ ‘ykhkzyk&% 2M7€1J€27k3ﬂ| :|> (13)
. ikp o g

Ukihoks = O |a(fei, 7)ri(fei) D(feir &1, 00) T €0 o _ o

=1 =1 where the noise is assumed to be independent and identically

F Ny o kg - (4) distributed.
By taking the logarithm, the maximum likelihood condition
where0 < k, < M, —1 (1 <r < 3) indicates a index number js expressed as the following minimization problem,
of each sampling domaim., r, x, iS wWhite gaussian noise of

1
zero meanuf;’;) is expressed as arg max Inp(yilp) = —2 A18 [@’ghﬂiligl]f:l llyi — Assil|.
W 2k _ _ o (14)
Wi = A, sin ¢; cos 0y, (5) The required search in Eqg. (14) is a simultaneafisdimen-
o 27rcfc» sional one.
Wi = : LA, cos ¢y cos 0y, (6) To reduce the computationally prohibitive multidimensional
3) ¢ simultaneous search, the Expectation-Maximization (EM) al-
pg; = 2mAfm. ) gorithm is introduced [8]. This estimates the complete data

Plane wave approximation of the incident wave is used in thig? from the incomplete datg; as Eq. (15).

formulation. X1 = a1, + Bri(yi — Aysg) (15)



Herein the nature of the additive white gaussian noise is Signal Reconstruction - 4
considered in the derivation and the initial values of the X1 = a1,

. .. . l—1+1
parameters are needed,; is a positive number which has a —
constraintzf=1 B1,; = 1 but is practically set td. This makes Residual Data y; — > Xv,
us possible to maximize the conditional Fisher information of ~

complete data; ;[6]. In our case, incomplete data means the I=1N &
measured data and complete data corresponds to the data of
each incident waves which are not directly measured in the

experiment. The modified log-likelihood function for complete
data is analogous to Eq. (14), - Global Search |---+--==-==-frmssmmmmmmmmnnennneee .
arg mﬁXp(Xl,i“‘) = arg min HXl,z‘ _ aiSiH2- (16) ’ Mesh Search: Find  &,0;,7,5,;  Simultaneously ‘ ,3
,0,7,s D e ’
This means that the simultaneous search dimension is reduced Update Initial Values
i set N (61,6141
to 4. We can see that the search estimates the parameters o (60,6071, 1] ol o O TS
the waves which extract the largest power from the complete As Initial Values l
data. Thus, we can rewrite this minimization procedure in the (60,60, 514
following 3-dimensional simultaneous search. [Local Search }-------seeemmmmomo .
(1,01, %)) = arg mae | 2(6,0,7,%14) | (17) | Find 71,8 [d  Find 6, || Find o |
0,7 R

The cost functiornz(¢, 6, 7,x; ;) is denoted as

26,0, %1,) = Elaf'x). (18) ahieved s,
This is equivalent to finding the matched filter for a certain Result
incident wave. The complex transfer function of the wayge (0O 7,80,
is derived from the estimated parameters as,
Aoa Fig. 2. Flow chart of the SAGE algorithm of SIC type for each subband [9].
SLi = Z(¢179l77l7xl,i) (19)
> M ?

and the path gaiP,; = |s;;|? is obtained. . . N . i
SAGEpaIgo?ithmlydivilj(la’s' the whole search space of egarch procedure is depicted in Fig. 2. This scheme is a
. . . combination of local search based on SAGE algorithm and
algorithm into hidden data spaces. In our case, the search 15 )
carried out sequentially in the following order, gldbal mesh search based on EM algorithm. In global mesh

search, we aim at the region which may include a maximum

¢ = argmax | z(¢,0;,7,%,) |, (20) point of the cost function. After that, local search is carried
R ¢ R out inside the selected region to find an accurate peak. The
1 = argmax | (¢, 0,71, %14) | (21) process is repeated until the number of detected paths reaches

the predefined number of waves or the detected path level
falls below the noise floor level. The transfer function:tf

In this way, we can obtain updated estimates of paramet&kPband channel is obtained from Eg. (19).
from the old ones. This process is repeated until the likelihood!t should be pointed out that the system parameters to be
reaches a certain maximum value or the estimated paramefimized in the estimation are the following two, which must
converge on some fixed value. be adjusted within the criteria of Eq. (1):
1) Sampling interval of frequency domaily.

Ay gives the upper bound of 1arrival time without the

7, = argmax | z(qgl,él,r, X15) | - (22)

C. UWB-SAGE Algorithm

As explained in section IlI-A, UWB channel can be L
appearance of aliasing,,.x =

expressed as a set of subbands. Therefore, in the UWB Kf
channel estimation, the cost function to be maximized 2) The number of samples in spatial domaif, M- and
2(¢,0,7,{x;:}I_,) is a simple summation of modified log- in frequency domain\/s!.
likelihood of each subband as Eq. (23). These parameters decide the basic resolution of the
7 algorithm.
20,7 {xui}iz1) = z; | Blaixw| (23) IV. UWB CHANNEL MEASUREMENT

In the use of SAGE algorithm, SIC (Successive Interferenfe Measurement System and Environment

Cancellation) type procedure is preferable when the numbetwith the UWB-SAGE algorithm and measurement system
of samples is sufficiently large [7], [9]. An example of theproposed in [7], we estimated typical indoor channel with



Receiver Antenna TABLE |
o ( Biconical )
Transimitter Antenna SPECIFICATIONS OF THEM EASUREMENT
( Biconical ) X-Y Positioner
(DEVICE D3425AV1/0-D)

and Controller

Bandwidth considered 3.1 [GHz] ~ 10.6 [GHZz][10]

(DEVICE DX3165AV1/0-C) The number of samples :
—_ Network Analyzer . . 751 points =10 [MHz)).
E ( Agilent 8720ES ) Setting in frequency domain P @y [ D
g £ position Bandwidth of
P 30dB) | &
3 realml ) : T each subband 800 [MHz]
© © < ~—1©_Of rf; | In horizontal planel0 x 10 points of
Potl POM2 Cavie (0.5m) | The number of samples rectangular array configuration whose
Measurement of _ S27 | | in spatial domain intervals are4.8 [cm](less than half
B E | wavelength in3.1 [GHz])
| GPiB GPIB : Azimuth ¢, elevationd,
e Tttt Estimated components propagation timer and variation of
Note PC spectrum in terms of phase and gain.
Control and data acquisition Antennas. Biconical antennas for Tx and Rx.
Signal Processing IF Bandwidth 100 [Hz].
_ F;]olanzatlon of Vertical-Vertical.
Fig. 3. UWB channel measurement system. ,I[\le' Walve =
oise level o
network analyzer —98 [dBm].
Floor to ceiling : 2.6m Resolution of 10 [deq] for azimuth or elevation,

UWB-SAGE algorithm 0.2 [ns] in time domain.

wall () .« ™,

. Path #5 . . Back-to-back, the distance between
Calibration Tx and Rx is0.7 [m].
_ Rx =
) (h: 0.70m)- =
T = ] 50 . . . . . .
rg .? ............. \\________E?_tb_ﬁ]:’_?__________: _________g__ Friis” transmission formula
g Path #4 \\ 433m 'TXPath #6 55 Measured data
Scanning Plahe ~(h:1.58m) =
. . a
- 60
. ' Path #2 E
wall (@) “._ .~ S .
all (a) . , g 65
<
7.67m
-70
Fig. 4. Floor plan of the measurement environment and result of path
identification. -75
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UWB signal in order to assess the validity. Figure 3 is thigg. 5. Measured power spectrum and the Friis's free space transmission
architecture of the measurement system. The system meas(¥a¥2-
the transfer function by Vector Network Analyzer (VNA) and
the synthesyzed antenna aperture is achieved with one element
antenna and spatial scanner. B. Results

The floor plan of the measurement environment is depictedFigure 5 is the averaged power spectrum obtained from
in Fig.4. The Tx and Rx antennas are set in the same room WithIA. The free space gain of direct wave derived from Friis’
different height. The size of the room is ab@ut x 7.7 [m?] transmission formula [11] is also shown. They have small
and are typical small conference room. There is almost difference and it is assumed that the direct component is
objects in the room except for the measurement equipmesddminant in this line-of-sight environment. The fluctuation of
During the experiment, the door was closed so that the chantie® measured power spectrum is due to the multipath effect.
was considered to be time invariant. The specifications of The results of parameters estimation with UWB-SAGE
the measurement and UWB-SAGE algorithm implementati@igorithm is shown in Table Il. There are 6 waves detected
are listed in Table I. Note that the back-to-back calibrationcluding direct path and reflected rays from each side of the
is a simplified procedure which removes the mismatch losslls. In the table, parameters derived from geometical optics
occured between cables and antennas. In the case of executiethod (GO) are shown as well and they agree well with
this procedure, it should be satisfied that only the direct patie estimated ones. This means that all the waves are almost
exists. Therefore, in the on-site calibration as our experimeitdentical to the specular reflected paths. For all the paths, we
we used the electromagnetic absorber so as to isolate thecr see some deviation between the estimated result and the
and Rx antennas from objects surrounded. one derived by the GO. In angle domain, this kind of error



TABLE Il
RESULT OF PARAMETERS ESTIMATION BYUWB-SAGE
ALGORITHM
Path Azimuth  Elevation Delay
identification [deq] [deg] [ns]
#1 359.30 13.80 15.30
Direct wave (0.00) (11.49) (14.73)
#2 303.70 13.80 29.03
Wall(a) rflct.  (302.04) (6.15) (27.37)
#3 358.90 29.90 18.63
Ceiling rflct. (0.00) (34.00) (17.40)
#4 180.90 13.40 34.70
Wall(b) rflct.  (180.00) (5.25) (32.03)
#5 61.60 15.40 29.86
Wall(c) rflct. ~ (56.00) (6.48) (25.98)
#6 359.70 11.3 21.49
Wall(d) rfict. (0.00) (8.07) (20.91)

is due to the worse accuracy of endfire direction estimation.
On the other hand, phase characteristics of the antennas could
cause a bias on the delay estimation, although the effect is not
significant.

The estimated gain and phase of direct path are depicted in
Fig. 6. The phase shown in the figure indicates the deviation
from the free space phase variation, namely in this case, the
phase rotation at antennas. For the reflected waves, the phase
component obtained in the estimation includes both antennas
and reflection (scattering) phase characteristics.

V. CONCLUSION

We proposed an algorithm which estimates the UWB
propagation channel in a deterministic way, named UWB-
SAGE. This algorithm employs the novel UWB signal modell2]
which is an extension of conventional wideband signal model
and conducts a frequency domain processing, therefore the
estimation of time domain waveforms is not required. Thd3l
indoor channel measurement suggested that the algorithm
could correctly separate the incident waves and evaluate thg
parameters of each wave.

In the processing of UWB-SAGE, antenna directivity is[5
regarded as isotropic because of the difficulty of embedding
them into multi-dimensional mode matriA; in Eq. (8).
Therefore, the estimation results include both characteristid®
of antenna and propagation. For the spectrum, propagation
characteristics can be extracted from the estimated result
by deconvoluting the effect of antenna directivity and itsl
frequency dependence.

We must assess our algorithm in several aspect, for example,
experimental velification of the resolution. The behavior o
the algorithm for the estimation of waves whose delays and
angles are much closer compared to the resolution is also i
the interest. At the same time, several measurements not only
in LOS but also in NLOS environments are needed for the
aim of UWB channel modelling. (10]
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Fig. 6. Estimated amplitude and phase of direct wave.
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