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Abstract— To analyze multipath propagation channels from field
measurement data, multipath parameter extraction algorithms
are utilized. Among them, the Space-Alternating Generalized
Expectation-maximization (SAGE) provides high-resolution
performance on parameter estimations although it requires high
computational complexity. On the other hand, Bartlett
Beamformer (BBF) with low complexity is known to provide
comparatively lower resolution for channel parameter estimation.
In this paper, we investigate the performance of SAGE and BBF
with our 28 GHz field measurement data in terms of dispersion
characteristics such as delay spread and angular spread. The
performance of two algorithms is evaluated by comparison of
standard deviation of estimated parameters. We also compare the
computation time of each algorithm even the iterative algorithm
such as SAGE is complicated to count algorithm complexity. Our
results show that the angular spread values obtained, respectively,
by SAGE and BBF are similar. On the other hand, the delay
spread values obtained by the two methods has small difference.
In terms of computational complexity, our simulation results show
that BBF can save 99% computation time comparing to the SAGE.

Keywords— Bartlett beamformer, SAGE, millimetre wave
propagation, channel measurement, and multipath channel.

I. INTRODUCTION

Realistic propagation channels can be produced with channel
models parameterized by propagated power, delay, spatial
direction, Doppler frequency, etc. To build an accurate channel
model, characterization of the channel parameter distributions
from massive measurement data is important. Practically, the
process for channel characterization using measured data
requires low-complexity as well as high-resolution
performance.

High-resolution parameter estimation algorithms, such as
Space-Alternating  Generalized Expectation-maximization
(SAGE) [1], Multiple Signal Classification (MUSIC) [2] and
Richter’s Maximum likelihood estimation (RIMAX) [3], etc.,
can provide very accurate estimation results with the cost of
high computational complexity. Alternately, the Bartlett
Beamformer (BBF), which requires relatively lower
computational power, can be considered [4][5].
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Therefore, our focus in this paper is how accurate we can
estimate channel parameters with the BBF technique compared
with the high-resolution algorithms. In this paper, we compare
the performance of SAGE and BBF with our 28 GHz
measurement data in terms of dispersion parameters e.g. delay
spread and angular spread. The performance will be evaluated
by comparison of the large scale parameters derived by the two
algorithms, and computation complexity.

II. MEASUREMENT SYSTEM AND SCENARIO

A. Measurement System

The measurement campaign is performed using the
millimeter-wave Band Exploration and Channel Sounder
(mBECS) system, which was developed by Electronics and
Telecommunications Research Institute (ETRI), Korea. The
specifications of mBECS system are listed in Table 1.

TABLE 1. SPECIFICATIONS OF MBECS SYSTEM
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Characteristics Configurations
Center Frequency 28 GHz
Bandwidth 500 MHz
PN Code Length 4095 chips
Sliding factor 12500
Receiver chip rate 499.96 MHz
TX Output Power (max.) 29 dBm
Multi-path Resolution 2ns (0.6m)
Automatic Gain Control Range <60 dB

B. Measurement Scenario

The measurement campaign was conducted in an office
environment. Figure 1 shows the layout of the office and the
height (from floor to ceiling) is 3 meters. The office area “O1”
and “O2” on the right and the entrance hall located at the bottom
are connected with the corridor “C1” and “C2”. During the
measurement, the TX was fixed in the entrance hall, and the
RXs are located in three positions including one Line-of-Sight
(LoS) position “L” and two Non-Line-of-Sight (NLoS)
positions “N1” and “N2” sequentially (Figure 2). Both the TX
and RX antennas are positioned at 1.5 meters high. The
environment was kept stationary without any moving objects.
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The TX antenna is a horn antenna with 30° Half Power Beam
Width (HPBW) and the direction of the antenna was fixed and

directing to “L”. The RX antenna is an antenna with 10° HPBW.

During the measurement, the RX antenna was rotated
horizontally with a 10° increment at different elevations: -10°,
0° and 10°. For each elevation angle direction, the RX horn
antenna would point at n different azimuth directions (in our
case, n=36, i.e., 0°, 10°, 20°, ..., 350°) sequentially.
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Figure 1. Layout of the measurement site.

(d)RX at “N2”

(c¢)RX at “N1”

Figure 2. The photos of the measurement site
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II1. PARAMETER ESTIMATION ALGORITHMS

If we consider delay, Azimuth of Arrival (AoA) and
attenuation coefficient as the channel multipath parameters, the

signal model can be written as:
L

() = ) ey @ult =) + w0, £ € [0,7] (1)
=1

, where y,,(t) and c, are the output and radiation pattern of the
RX antenna directing to the nth direction, respectively. «;,
and 1, represent the complex attenuation, AoA and delay of the
Ith path respectively. The total number of paths is denoted by
L., u(t) is the transmitted signal, w, (t) is white Gaussian
noise.

A. SAGE

Initialization: x'(t) = 0

=1, =1
y

AA

E-step: x,, ()

\ 4
M-step: A(t;,2,); a;

A\ 4

Reconstruct: x;, (t) i=i+1

Figure 3. Flow chart of SAGE algorithm

Based on (1), SAGE can generate maximum likelihood
estimates of the parameters (a;, ; and 7;) by updating the
subsets of parameters iteratively [1]. In Figure 3, x is hidden
data space which is defined as the contribution of individual
propagation paths, i.e. x = x;(t), in which i is the current
iteration number and / is the total iteration number.

In the E-step, the hidden data x;(t) can be derived by
dividing other reconstructed paths from complete data y:

x1n(6) = Ya(0) = Z Xin ()

In the M-step, the maximum hkehhood function of delay,
and AoA can be calculated as:
N 2

> @ f X ®u e - Ddt| (3)
n=1

, where ()* is the complex conjugate, and the normalization
factor G ({2) can be calculated as:

T
(@) = llc@)?] j () [2dt
0

(2)

AT, 2) = G(@)™!

C)
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The complex attenuation can be calculated with the given delay
7; and AoA 0;:

N T
@ = G Y @) [ ma@w -t ()

Once the a;, ; and (2, are obtained, the /th path data can be
reconstructed as:
xl,,n(t) = oty ('Q'l)u(t - Tl) (6)
In this paper, we limit the total estimation path number with
100 for LoS cases and 200 for NLoS. We set the total iteration
number to 5 for SAGE runs.
The power range is calculated:
PRgpge = min(max(|;|? ) — min(|a;|?), 20, L, + 3)
L, = max(wy (1)) (7)
, where L, is the noise level. The multipath components that

above and below this range are excluded from the SAGE results.

B. BBF
According to BBF [6], the channel impulse response of
delay and AoA can be calculated as:

N
R, 2) = @711 ) a0 (@)

N T
—6@™ Y @ [ newe-oa  ®
n=1 0

After setting a threshold P, on the power of h(t, 2), we can
extract the multipath parameters of each path:

P(r,2) = |h(r, )| €))
7, =T|P(7,2) > B,
0,=0|P(1,0) > P, (10)

a; = h(t, Q)
To make the comparison between SAGE and BBF be fair,
the threshold level is adjusted to:
P = max(P(‘L',.Q)) — PRgack an

IV.RESULTS

The comparison of the estimation results from SAGE and
BBF are illustrated in this section. Figure 4 shows the multipath
components founded by BBF and SAGE, in which the received
power level was shown. It can be observed that multipath
components founded by BBF: Figure 4 (a), (c) and (¢) are
similar with the ones founded by SAGE: Figure 4 (b), (d) and
(f) respectively. To derive the quantified results, we used delay
spread (DS) and angular spread (AS) of the multipath
components to compare the performance of SAGE and BBF.
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Figure 4. Founded paths by using BBF and SAGE when elevation=0

—0—Lsace [
==Ly
—0— Nlgace |
=@ = Nigge
p—— N2

—0— Lsnce
== lgr
=0— Nlgnce
=@ = Nigge
N2,
N2,

SAGE[~ 7 SAGE

BBF BBF

-
-

Figure 5. DS and AS of indoor environment

Figure 5 depicts the delay spread (DS) and angular spread
(AS) calculated from the multipath components founded by
BBF and SAGE, respectively. Table 2 shows the average
standard deviation (STD) between BBF and SAGE for each AS
and DS. The STD of AS between the two algorithms is
observed to be relatively small (approximately within 2 degree).
On the other hand, with respect to DS, we got a standard
deviation having a range from 3 to 6 ns.

TABLE 2. STD DEVIATION BETWEEN BBF AND SAGE

AS STD (°) | DSSTD (ns)
LOS 1.39 3.84
NLOS 1.40 5.65

TABLE 3. COMPLEXITY ANALYSIS OF BBF AND SAGE

SAGE; SAGE; SAGE; BBF; Saving
Iteration | Number | Computing | Computing | time by
Number | of Path Time Time BBF

) (L) [second] [second] [%]

3 100 3,793 99.46
3 200 6,506 205 99.68
5 100 6,257 ' 99.67
5 200 11,810 99.83

We simulate the computation time of both BBF and SAGE
to compare and understand the complexity of each algorithm. It
should be noted that the iterative algorithms such as SAGE are
complicated to count algorithm complexity. Therefore, we
executed the simulation of SAGE depending on two key
variables such as total iteration number (/) and total number of
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path (L) (see Section II). For fair comparison, the computing
time of SAGE and BBF was respectively calculated based on
one measurement sample. For the BBF, the processing time was
approximately 20 seconds. Table 3 lists our simulation results
for each algorithm. It is noted that both algorithms were run in
MATLAB. In terms of computational complexity, our
simulation results show that BBF can save almost 99%
computation time comparing to the SAGE.

V. CONCLUSIONS

In this paper, we investigate the performance of SAGE and
BBF using measurement data at office environment in the 28
GHz frequency band. The performance was evaluated through
observation of two parameters such as standard deviation of
large scale parameters and complexity of each algorithm. Our
simulation results show that the BBF can save the computing
time a lot compared to SAGE. Furthermore, the value of AS
from BBF was similar with SAGE. In terms of DS, the two
algorithms have somewhat a little difference results within 6 ns.
Hence, for understanding the multipath propagation
characteristics e.g. angular spread and delay spread within a
tolerable error range, the use of Bartlett Beamformer seems
attractive since it has comparatively small computing time.
However, to develop a channel model through more accurate
parameterization of multipath components, it is still believed
that the use of high-resolution estimation algorithms is more
appropriate.
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