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Abstract

A propagation measurement campaign was performed at the 10th floor corridor of Xingjian

Building, Shanghai University, China. The channel was sounded by pseudo noise (PN) sequence at

carrier frequencies of 400- and 2600-MHz respectively. In order to obtain large scale and small scale

propagation characteristics in the corridor, the receiver was moved along the corridor every 1. 02 me-

ter to record the impulse response. More than 280,000 impulse responses were recorded in the cam-

paign. This work first describes the principle of the measurement, and then how the recorded raw

data are processed. The results show that path loss exponent is related to frequency. The relationship

between the root-mean squared ( RMS) delay spread and the T-R separation distance is analyzed.

The RMS delay spread and the mean excess delay spread against path loss are also given, which ex-
plain why the 2600MHz RMS delay spread is larger than that of 400MHz.
Key words: path loss, root-mean squared (RMS) delay spread, corridor, channel measure-

ment

0 Introduction

LTE (long term evolution) , one of the key tech-
nologies for 4G wireless communication systems, has
been put forward to support high data rates and large
capacity gains. Corridor is an important wireless chan-
nel. The scenario of which is everywhere in the world.
The corridor propagation channel has been studied for
decades. However, to the best of our knowledge , numer-
ous papers have investigated the propagation at 450MHz
~2GHz and 5GHz ~ 60GHz'"™*' | while Refs[1,2] has
been paid to that of 400MHz and 2600MHz in the cor-
ridor studied the path-loss exponents at 450MHz,
1.35GHz, 1.89GHz and 5GHz. All path-loss expo-
nents in the LOS condition are below 2. Refs[ 3-8 ]
studied small-scale multipath propagation. In Refs[ 3-
7], RMS delay spread in the corridor was calculated.
But only in Ref. [7] the relationship between RMS de-
lay spread and T-R separation distance was analyzed,
while the others just gave the RMS delay spread at
some positions. In Ref. [8], the relationship between
Ricean K-factor and T-R separation was given. Since

the LTE system will be widely used, it is essential to
investigate the propagation characteristics on these
bands.

A measurement is carried out to the 400- and
2600-MHz radio channels on the 10th floor corridor of
Xingjian Building, Shanghai university, China. The
measured results are shown in this work. Measurements
in the time domain are performed by sending PN se-
quence . After processing and analyzing the measured
raw data, it is observed that the fluctuations of the re-
ceived power is large when the receiver is near the
transmitter, and the fluctuations decrease when the
transceiver distance increases. The pathloss exponent
shows a relation with frequency, that is higher frequen-
cy signals exhibit smaller path loss exponent. RMS de-
lay spread increases with the path loss, and also in-
creases with frequency.

The remainder of this paper is organized as fol-
lows. In Section 1, the measurement environment is
described. In Section 2, experimental setup and meas-
urement procedure are presented. In Section 3, the
principle of PN correlation method for measuring the
radio channel is given. Section 4 shows the measure-
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ments and analysis results. The study is concluded in
Section 5.

1 Measurement environments

The measurement campaign was carried out at the
10th floor of Xingjian Building, Shanghai University.
The floor plan is shown in Fig. 1. The corridor is 81m
long, 2.51m wide and 3.22m high. The south and
north walls are made of hollow bricks. The surface of
the wall has a layer of lime. The ceiling of the corridor
is reinforced concrete. A layer of fiber plasterboard is
suspended 0. 6m down from the top. The floor is mar-
ble. The north and south of the corridor are offices and
each one has a wooden door. In the middle of the cor-
ridor, a metallic door is in the north face. Both ends
have a metallic door, which is the same as the middle
one. Both doors at the ends are closed during the
measurements campaign, but the middle one is open.
A few metallic boxes are hanging on the wall. Nobody
was moving around during the measurement campaign.

B

$1m

Fig.1 Floor plan where the measurements are made

2  Experimental setup and measurement
procedure

2.1 Experimental setup

A diagram of the measurement setup is shown in
Fig.2. The transmitter is an Agilent E8267D signal
generator and the receiver is a R&S FSG8 frequency
analyzer. The sounding signal PN sequence is genera-
ted by the signal generator. The bandwidth of the PN
sequence is SOMHz. The sequence has 511 chips. The

Transmitter Receiver
e = =)
Coaxial - ;* — : Coaxial
cable 100m  GPS synchronous clock  op1e 100m

Fig.2 Channel sounding setup

signal is modulated with carrier frequency of 400- and
2600-MHz. The

through an omnidirectional antenna to the receiver.

modulated signal is transmitted

The received signal is down-converted first and
then digitized using an A/D converter with 100MHz
sampling rate. The antennas are vertical polarization.
The gain of the 400MHz antenna is 1dBi and the
2600MHz is 5dBi. Both of the antennas are omnidirec-
tional antennas. The output power of the transmitter is
25dBm. A high-stability 10 MHz GPS reference clock

provides high-frequency accuracy for both the transmit-

ter and receiver.

2.2 Measurement procedure

The transmitter is located at 9m away from the
west end of the corridor. Both antennas are 174cm
above the floor. During the measurement, the transmit-
ter is put in the location of Tx, as shown in Fig. 1. The
receiver was moved along the corridor at 70 different
positions , each position spaced 1.02m apart ( The
marbles on the floor are 1.02 x1.02m”, so 1.02m is
chosen as the spacing). The first Rx position is 2. 04m
apart from the transmitter. Both the transmitter and the
receiver are kept still for each measurement. Nobody

was moving around during the measurement campaign.
3 Measurement principles

PN sequence possesses excellent autocorrelation
properties'® | as illustrated in Fig.3, where T, is the

c

chip time width. So it can be used to measure the radio

A

»

-T, 0 T

c &

Fig.3 Autocorrelation function of a PN sequence

channel. Assuming that s(¢) is the transmitted PN se-
quence, the received signal in the receiver will be

y(t) =s(t) ®h(e)
= f_ws(r)h(t - 7)dr (1)

where @ denotes convolution, h(t) is the channel im-
pulse response( CIR) of the radio channel.
M
h(t,7) = zaia(t_7i> (2)
i=1
where M is the number of multipath components at the
receiver, a; and 7, are the amplitude and delay shift of
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the ith path respectively. 8( +) is the delta function.
Cross-correlating s(¢) with y(t), the following is
obtained ;

R(7) = [ y(0s( =) (3)
Exchange ¢ and 7 in Eq. (3)

R() = [ y(r)s(r -0
=y(1) ®@s(-1)
=s5(t) @h(t) @ s(-1)
=s(1) ®@s(-1) @ h(t) (4)

From Eqs(3) and (4) ,it is obvious that the cor-
relation of two signals is equal to the convolution of one
signal’ s time reversal with the other signal. Sos(i) ®
s( =) is the autocorrelation function of s(t) , which is
shown in Fig.3. Then Eq. (4) is approximately equal

R(t) =6(t) @ h(t) = h(t) (5)

It can be seen from above, correlation of the re-
ceived signal with the original transmitted sequence di-
rectly yields the CIR.

If s(¢) is the transmitted PN sequence, the re-
ceived signal results are

r(t) = Zais(t—ﬂ)(cos(w,t—d)i)) +n(t)
(6)

where w /21 is the carrier frequency, M is the number
of multipath components at the receiver, a,, 7,, ¢, are
the amplitude, delay shift, phase shift of the ith path
respectively and n(¢) is white Gaussian noise.

The received signal is down-converted to baseband
1Q signal.

M

r,(l) = zfais(t_Ti)COS<d)i> (7)
ro(1) = Z{ais(t—ﬂ)sin(d)i) (8)

Cross-correlating the coherently demodulated sig-
nals Eqs(7) and (8) with the template s(¢) , the In-
phase and Quadrature-phase components of the channel
impulse response are obtained;

h,(t) = ZaiR(t—Ti)cos(d)i) (9)
h,(t) = Z“iR(l_Ti)SiMd)i) (10)

R(t) is the autocorrelation function of PN se-
quence s(t).

The amplitude and phase of the ith path are
Eq. (11) and Eq. (12), respectively.

a; = h?(T;‘) +h§)(7i) (11)
_ tan h (Ti>
¢, = arct (7}1(,1(73-)) (12)

4 Measurement results and analysis

4.1 Large scale path loss

Using path loss models to design practical link
budget is important for system analysis and design.
Eq. (13) is the relationship between propagation path
loss and T-R separation distance

PL(d)[dB] = a +10 - Blog,,(d) + X, (13)
where d is the T-R separation distance, « is the inter-
cept in dB, B is the slope, and X is a zero mean
Gaussian random variable with a standard deviation o
in dB.

The values of o, B and o are computed from the
measured data, using linear regression such that the
distance difference between the measured and esti-
mated path losses is minimized in a mean square error.

A linear fit is made to the measured data; the fit-
ted results are shown in Fig. 4 and Fig. 5 respectively.
Coordinate - X is the logarithm of the T - R separation
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Fig.4 400MHz path loss fitted results
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Fig.5 2600MHz path loss fitted results
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distance and coordinate-Y is the path loss attenuation
in dB. Path loss exponent 8 is 3.901 and 0.993 for
400MHz and 2600MHz respectively. The standard devi-
ation of 400MHz and 2600MHz are oy, =5-2589dB
and o,g0um, =3- 5649dB respectively.
The free space path loss model is given by
GG’
PL(dB) =- 10 loglo[’ir”]
(4m)°d

where G, is the transmitter antenna gain, G, is the re-

(14)

ceiver antenna gain, A is the wave length and d is the
T-R separation distance.

Eq. (14) shows that under the same T-R separa-
tion, the lower the frequency, the smaller the path
loss. From Fig.4 and Fig.5. It is seen that the
400MHz path loss is below that of 2600MHz in the
short T-R separation distance, which is the same as
free space. But the 400MHz path loss is greater than
that of 2600MHz with the increase of T-R separation
distance gradually. So the 400MHz path loss exponent
is relatively large. From the measured data, it is ob-
served that higher frequency causes smaller path loss
exponent in the confined environment, which has the
similar results with Ref. [10]. In Ref.[10] a large
scale propagation measurement at carrier frequency of
450MHz and 900MHz in an arched tunnel of Massif
Central in south-central France was performed. The
tunnel is 3500m long, 7. 8m wide, 5. 3m high. The
measured results show that the attenuation at 450MHz
is larger than 900MHz.

The corridor can be considered as a rectangular
waveguide surrounded by a lossy medium. So in the
corridor the radio wave propagation involves many hy-
brid electromagnetic modes. Their attenuation con-
stants are expressed as Eq. (55) in Ref. [10]. From
the equation we know that the higher the frequency,
the smaller the attention; the higher the mode, the lar-
ger the attention. In Fig.4 and Fig.5, the received
power has a large fluctuation near the transmitter. This
is because in the short T-R separation region, there are
more higher order modes that cause large fluctuations,
whereas in the long T-R separation region, higher
modes have large attention, only the fundamental mode
works , the fluctuation diminish in the region gradually.
Comparing Fig.4 with Fig.5, the fluctuation of
2600MHz is a large than 400MHz. Higher frequency
can cause much higher order mode, so 2600MHz has a
large fluctuation.

4.2 Time dispersion
A weak signal will be submerged by noise. Signals
are correlated, noises are uncorrelated. So use coherent

integration can be used to enhance signal to noise ratio

(SNR) if the channel is time-invariant. For the lower
power path signal, it will be extracted from the noise.

Assuming that the signal power is o, , the noise
power is o, , X, is signal, E( +) is the expectation of
(+). If N periods signals are added, then the total sig-
nals power is

To = E(( 3 (X),)7) = ECN - X))
=N -EX) =N -0 (15)

Noises are uncorrelated, so the total noises power is
N

o = E(( zni)z) =N-o, (16)

where n; is the ith period’s noise.

s

After coherent integration, SNR is
N
No

SNR is the original. Process the measured data with

SNR, = —2 = N

n 0-11

= N - SNR (17)

coherent integration, SNR becomes NV times of the orig-
inal one. From Section 2, both 1Q have 4103 frames.
Process the 4103 frames measured data with coherent
integration, the influence of noise can be reduced.

Power delay profile (PDP) of each position can
be calculated using the raw data. Fig. 6 and Fig. 7 are
the PDP of 400MHz and 2600MHz with T-R separation
37.74m.

The mean excess delay is the first moment of the
PDP and is defined as

;“2” Y p(r)7,
) Y & ) 2 ()

The RMS delay spread is the square root of the

second central moment of PDP and is defined as

Trus = /7 - (;>2 (19)

(18)

T

Ist echo

Threshold
751 End \
-80 &~

-90 Start

i 2 3 s 5
Time delay (ns) x10°®
Fig.6 400MHz PDP
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2 L i
2 ATy 2P<Tk)7k = !
— " " '
72 = = (20) 081
2 ;
Z a, z p(7,) 0.7} |
k k i
In order to calculate the RMS delay spread, a 061 |
threshold that 20dB below the peak value was cho- é 05| !
sen'"'. 7 in Eq.(2) is calculated according to aih :
Ref. [ 12] Tl
03 !
z p(T)7, !
— k 02|
re———-7, (21) |
0.1F 1
Srn) S P
T glLd . . . Ie ay Spread
where 7, is the first arriving echo, p(7,) is the power 0 50 100 150 200 250
RMS delay spread (ns)

above the threshold, 7, is its delay, k is the kth samples
of the PDP.

According to Eqs (18) ~ (21) and Fig.6 and
Fig.7, RMS delay spread and mean excess delay
spread are calculated.

Fig. 8 shows the RMS delay spread as a function
of T-R separation distance. The 2600MHz RMS delay
spread decreases as the T-R separation distance increa-
ses. The maximum value is 209ns, which is shown in
the T-R separation distance of 7.14m. The 400MHz
RMS delay spread increases first and then decreases.
The maximum is shown in the T-R separation distance
of 61.2m, and the value is 34. 6ns. Fig. 9 shows the
RMS delay spread CDF for 400MHz and 2600MHz.
For 400MHz RMS delay spread it is apparent that most
of delays arrive within 16ns; for 2600MHz, it is 61ns.

It is found that 2600MHz RMS delay spread is lar-
ger than 400MHz in the corridor. The RMS delay
spread measured in papers is usually tens of nanose-

conds' .

Fig.9 2600MHz and 400MHz RMS delay spread CDF

It is found that large RMS delay spread is caused
by the east metallic door at the end of the corridor. As
the receiver move away from the transmitter, the dis-
tance difference between the direct signal propagation
distance and the signal reflected from the metallic door
becomes smaller. So the phenomenon in Fig. 8 appears
in the 2600MHz RMS delay spread. But the path loss
of 400MHz is so large that in the short distance of T-R
separation the reflected signal cant reach the receiver.
Until the T-R separation is about 60m, the receiver re-
ceives the reflected signal . So the 400MHz RMS delay
spread increased first and then decreases.

Ref. [ 14] presented the exponential fits of RMS
delay spread against path loss

Trus = exp(aP; +b) (22)

The coefficients for the different frequencies are
given in Table 1 and the best fits are shown in Fig. 10
and Fig. 11.
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delay spread against path loss. The mean excess delay
spread against path loss was also fitted to an exponen-
tial, and best fit of the form of Eq. (23). The coeffi-

cients for the different frequency are given in Table 2.

Table 1  Coefficients of the exponential fit of RMS delay
spread and path loss for different frequencies
Carrier frequency( MHz) a b
2600 0.01604 3.506
400 0.01702 1.514
60 T T : .
* 400MHz RMS Delay Spread vs. Path Loss
55¢ 400MHz fitted result A
50+ R
~ 45+ 8
&
B 40 1
2
3 35 R
E» *
]
-
10 . . . . \
40 50 60 70 80 90

Path loss (dB)
Fig.10 400MHz RMS delay spread vs. path loss

220

200 | * RMS Delay Spread vs. Path Loss |
2600MHz fitted result

180 1 9

—_

(=)

(=}
L

140 | . -
120 |

—_
(=3
(=}

80 r

RMS delay spread (ns)

60
40 -
20 -
0 . .

60 65 70 75 80 85
Path loss (dB)

Fig.11 2600MHz RMS delay spread vs. path loss

Comparing Fig. 8, Fig. 10 and Fig. 11, it is ap-
parent that large RMS delay spread corresponds to high
path loss.

Comparing RMS delay spread of 2600MHz with
400MHz, it is find that higher frequency causes larger
RMS delay spread. It is the same as Ref. [15] ex-
pressed. Ref. [15] performed a measurement cam-
paign in tunnel environment for 900MHz and
1800MHz. The RMS delay spread shows a strong rela-
tion with frequency. The measurements on average,
2600MHz RMS delay spread is 45ns larger than
400MHz.

Fig. 12 shows the exponential fits of mean excess

T I T Lo
* 400MHz Excess Delay vs. Path Loss
400MHz fitted result
200 ©  2600MHz Excess Delay vs. Path Loss 1
~ ~ ~ " 2600MHz fitted result
o o
o
2 150 + b
g 0 ©
_8 o o
2 ° @8 oo 7
o 100 | o O 0Oy ~ .
Q xa
é . o
o %¢” - QOB
- Ie]
o7 o
50 =79 o D e 4
% 5 )
o
o #* "
0 #LHWW
40 50 60 70 80 90 100
Path loss (dB)

Fig.12 Mean excess delay spread vs. path loss

Table 2 Coefficients of the exponential fit of mean excess

delay and path loss for different frequencies

Carrier frequency( MHz) a b
2600 0.03439 1.678
400 0.01558 1.277

Another important time dispersion parameter is the
ratio of 7, /Tpys- T, 1 the mean excess delay spread and
Trus 1s the RMS delay spread. Indeed, lower values of the
ratio indicate that a higher power level is concentrated at
small values of the excess delay'™’. In Fig. 13, the ratio
for 400MHz is smaller than 2600MHz. It is indicated
that a higher power level is concentrated at smaller val-

ues of the excess delay at 400MHz than 2600MHz. The

3 ; : o
O 2600MHz Tp/Tgys o
3 | *  400MHZ Tn/Tays |
o
2t o 4
12} o ©
b o o &°
& 15 o  © &
& o o©
o o
1 x - %éoé ;
. R 6+ % °3B O‘f’ *o
% . *ﬁﬁ*@ @%%@ ol *£*§*
0.5 o % f < ** By o ]
0 L . . . .
40 50 60 70 80 90 100
Path loss (dB)
Fig. 13  7,/7pys vs. path loss
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receiver has a limited dynamic range. For 400MHz,
large excess delay values has a low power, it cannot be
detected. That is why 400MHz has a low RMS delay
spread. But for 2600MHz, large excess delay has high-
er power, which can be detected by the receiver.

2600MHz has larger RMS delay spread.
S5 Conclusions

A propagation measurement campaign at the 10th
floor corridor of Xingjian Building, Shanghai Universi-
ty, China was performed. To measure the 400MHz and
2600MHz radio channels, PN sequence with 50MHz
bandwidth was wused. The transmitter is Agilent
E8267D vector signal generator and the receiver is
R&S FSG8 frequency analyzer. The sounding principle
is described in detail. Coherent integration is used to
process the raw data, which enhancs the SNR. PDP is
used to calculate the RMS delay spread. The 2600MHz
RMS delay spread as a function of T-R separation dis-
tance follows a downward trend as the T-R separation
distance increases. The 400MHz RMS delay spread in-
creases first and then decreases. Both the RMS and
mean excess delay spread have an exponential relation-
ship with path loss. The measurement is useful for LTE
mobile communication in the corridor.
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