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Abstract— This paper deals with the effect of the Single-Input
Multiple-Output spatial diversity on the OFDM mobile radio signal
propagating in an urban channel. From measurements performed
in Rio de Janeiro city, Brazil, by using two receiving antennas at
diversity, the calculated capacity presented an improvement when
compared to the individual one.

Index Terms— delay spread, OFDM , SIMO, spatial diversity, urban channel.

I. INTRODUCTION
Over the last years, the OFDM (Orthogonal Frequency Division Multiplexing) technique has

received special attention to the mobile radio communication in the cellular systems [1-3]. Since the
available bandwidth is divided into narrower bands, each one experimenting flat fading, this technique
presents robustness against time-varying frequency-selective fading. Therefore, such technique offers
advantages considering its ability in dealing with high-data-rate transmissions over dispersive
channels with low equalization complexity [3]. It is also an efficient solution to operate in Non-Line-
Of-Sight (NLOS) conditions, normally subject to multipath fading, because it uses cyclic prefix (CP)
in order to avoid intersymbol interference. However, the mobility demanded by the users degrades the
received signal, worsening it due to the increasing speed which leads a Doppler shift that
desynchronizes the OFDM subcarriers, consequently, causing intercarrier interference [4].

There have been some solutions to improve final user’s delivered signal. Among them is the spatial
diversity which is most referred in several studies and it has been used in the reception of the OFDM
signal. Ali et al. deals with simulations of blind estimation techniques that exploit the receive antenna
diversity [5]; Yagishita et al. [6] studies the effects of diversity in the receiving antenna using Faster-
than-Nyquist (FTN) signaling in a multipath fading channel; Kim et al. [7] analyzes the macro-
diversity in LTE-Advanced. However, most of results presented in those studies were obtained from
simulations. In this context, this paper provides experimental results for the capacity obtained in a
2.48 GHz band using the spatial diversity in a SIMO (Single-Input Multiple-Output) system. Two
branches were used in the reception of a 40 MHz-OFDM signal in the 2.48 MHz band. In order to

accomplish it, an urban channel was sounded and the signals from both branches of diversity were
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simultaneously and independently obtained and processed off-line. The capacity per band (in bps/Hz)
of each branch was calculated and compared to the SIMO capacity.

For such purpose, this paper consists of five additional sections. Section Il describes the
specifications of the system and the environment sounded in the measurements, in addition to the
OFDM signal transmitted to the channel; Section 11 provides a brief summary of the channel function
and the capacity calculation for SISO (Single-Input Single-Output) and SIMO systems; Section IV
presents the results, and Section V provides the conclusion.

Il. MEASUREMENT ENVIRONMENT AND SYSTEM SPECIFICATIONS
Fig. 1 presents the sounded area where measurements were carried out which covers Gavea, Leblon

and Lagoa surroundings in Rio de Janeiro. The transmitting station was installed at Kennedy building
located at PUC-Rio University, [8]. The sounded area was characterized as an urban area and the
arrows show the sense of the movement during the sounding of the channel.

The transmission setup includes a vector signal generator, a power amplifier and a vertically
polarized sector antenna fixed on the geographical coordinates 22.978976°S/ 3.232598°W. The
antenna was placed on the top of a 49 m high building. The receiving equipment was installed inside a
moving vehicle, at an average speed of 65 km/h. Two omnidirectional antennas and two branches of
reception and a Garmin GPS (Global Positioning System) were mounted on its top. The reception
setup for the wideband channel sounder was employed according to Gonsioroski [9] using the
multicarrier technique, however, two branches of diversity were here used. Table I provides the main
specifications of the transmission (TX) and the reception (RX) system.

Fig. 1. Aerial view of the sounded region. (Source: Google earth).
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TABLE I. TRANSMITTER AND RECEIVER SPECIFICATIONS

Device Specifications
Vector Signal Generator MG3700A 250 kHz to 6 GHz
Tx Power Amplifier Milmega, model AS0204-7B 2-4 GHz 7TW G=47dB
Antenna Pctel SP232715XP-90 G = 16 dBi
Broadband Low Noise Amplifier ABL0800-12-3315 G=33dB
Vector Signal Analyzer MS 2692A 50 Hz to 26,5 GHz
Rx  Antenna Superbat 700 - 2600 MHz 4G LTE omnidirecional G=5dBi

GPS Garmin GPSmap62 -

Fig. 2 illustrates the RX setup that operates with two identical antennas separated by 0.50 m distance
(d), placed on the roof top of a van. Inside the van, the reception system for each antenna was
separated and each one consisted of one low noise amplifier (LNA), a vector signal analyzer and a
dedicated computer. The analyzer collected the samples in quadrature, in a 100 Msamples per second
rate. The spacing used between the antennas certifies the decorrelation between the received signals (s
and s") from both branches of diversity. The verification was possible by calculating the correlation
between them through the Pearson correlation coefficient [10], defined as:

Xiy(si—5).(si — E)

C =
|

f z | " 22

V&iz(s; — ) -N|E?:1(F=- —s')

1)

with s; and s;' representing the samples of the signals in each antenna and s and s' representing the
arithmetic means of s and s', respectively. The calculated value was C = 0,0061, i.e., the correlation
between the signals received from the antennas is equal to 0,61% indicating a negligible correlation,

which confirms that 0,50 m guarantees good decorrelation.
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Fig.2. Diversity reception system.

I11. TRANSMITTED SIGNALS AND PROCESSING
A. OFDM Transmitted Signal

Table 11 shows the main characteristics of the OFDM signal that was generated in MATLAB®
software. The spectral efficiency of this signal is assured by the orthogonality of the subcarriers,
which are linearly independent. Like occurred in Gonsioroski [9], the OFDM signal was modulated
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by a pseudo-noise (PN) sequence of 2047-bits length. The number of OFDM samples (Nger = 2048)
was increased by 1/16 x Nger , which corresponds to the cyclic prefix interval inserted between the
OFDM symbols to accommodate the time dispersion of the signal that arrives at the receiver. Via
network cable, the modulated signal was conducted to the vector signal generator, which sent the
signal on the 2.48 GHz carrier to the power amplifier, followed by the antenna and for radiating and
sounding the channel. Such sequence helped to identify the OFDM symbols in the off-line processing
because of its correlation property [11].

TABLE Il. MAIN PARAMETERS OF THE OFDM TEST SIGNALS

Parameter Value Unit
Bandwidth 40 MHz
Size of the FFT 2048 Samples
Sampling Factor 2 -
Sampling Rate  100x10° Samples/second
Number of Carriers 1600 Carriers
Cyclic Prefix 1/16 Samples

B. Channel response
In order to determine the capacity of the experimental channel, the channel gain must be calculated

in each diversity branch. For that purpose, the data acquired from the measurements were saved in |
(In-phase) and Q (Quadrature) components, therefore, the samples are complex values. From them,
the mean power of each OFDM symbol (S) was calculated.

The mobility of the receiver leads to a time variant channel and its impulsive response is shown in
the time/delay domain, i.e., h (t,z), which means the response in a t instant of an impulse sent =
seconds before [12]. For that reason, the mobility results, in different responses, during the same
channel monitoring time. As far as the WSSUS (Wide Sense Stationary Uncorrelated Scattering)
condition is concerned, the channel can be represented by a unique h (t,z) random function.

In the sequel, the received data were convolved with a filter matched to the transmitted signal in
order to provide the channel impulse response as can be demonstrated as follows.

Supposing that s(t) corresponds to the signal transmitted through a channel and that s'(t,t) refers to
the signal that arrives at the reception as a sum of N multipath of the transmitted signal, whose

amplitudes are represented as a;, delays as 7 e phase as ¢, i.e.:

s'(t1) = Zinyae® s(t - 1, 1), @)

disregarding the modulation, and taking C; = a; € in (2), the received signal is:

N

s'(t1) = Zcis(t— T, T)
=1 ©)
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The matched filter is defined as:
'II’FI:(I-J‘;J} = E[:_trr:] (4)

Therefore, the signal after the matched filter is:
y(t, 1) = s'(t, 1) = hee (8, 7) (5)

Convolving (3) and (4) and substituting in (5):

N

yit.7) = Z C:‘J. s(§— 1, D) s(—t+ £,1)dé
=1 (6)
N

y(6) = ) CR(t- 71)
i=1 (7)

If s(t,z) = At,7) is an impulsive signal at the input of the channel, the impulsive response is the
output of the channel, i.e.:

s'(t,7) = h(t, 1) ©)

Comparing this identity to (3), the impulsive response is:

h(t, 1) = i(’.‘i s(t—1;,7)

)
As s(t, 1) = At,7), thus s(t - 5, 7)= &t - 5,7), which is substituted in (9), obtaining:
N
h(t,7) = Z c. 8(t—1.,7)
i=1 (10)

Substituting s(t,z) = &t,7) in (5), the autocorrelation R (t - 7,7) can be simplified to 5 (t- 5, 7) and
we conclude that the output of the matched filter in (5) corresponds to the transfer function of the
channel in (10) when an impulsive input is used. In short, with a transmitted signal as similar as an
impulse it will be possible achieve the transfer function of a channel, if the received signal passes
through a matched filter. Therefore, the absolute value of the power delay profiles (PDPs) for the
sounded channel [12] can be calculated as:

P, (t,7) = |h(t,7)|* (12)

and Py, (t,7) represents the complex power of all multipath that arrive at the receiver antenna in each
time instant. Fig. 3 exemplifies two PDPs obtained at the same time in the RX antennas, showing
different multipath receptions from different branches of diversity. PDPs and GPS positions were
saved in files. Through the profiles obtained, it was possible to observe and analyze the dispersiveness
of the channel. The variation of RMS (Root Mean Square) delay spread [12] calculation is
demonstrated in Table 111 for each diversity link named L1 (related to antenna 1) and L2 (related to

antenna 2). Such values show that the sounded channel was not WSSUS since the dispersion
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parameters had a large variation and just one PDP was not able to represent the channel. In this case,
the time-variant channel does not allow us to consider stationarity, which can only be applied in small

intervals of the measured path [12]. Consequently, the channel gain is a variable.
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Fig. 3. PDPs of two diversity branches.
According the results, the time dispersion along all path varies around 2 microseconds, from
hundreds of nanoseconds until some microseconds, which lead us to conclude that the channel

behaves as urban one at most of the time, and varies between less dense to more dense [8], [12].

TABLE Ill. TEMPORAL DISPERSION PARAMETERS.

Antenna Link RMS Delay Spread (us)
1 L1 0.172 - 4.438
2 L2 0.223 - 4.253

The mean noise power (Py) in each OFDM symbol was also calculated as [13]:

E.r‘: mf-‘:.-'r.
Py =10log,[ B, =5 ——] (12)
in which:
NBW = 1.065 x RBW (13)

and RBW is the band of the resolution filter used in the spectrum analyzer, NBW is the equivalent
band of noise spectrum, B is the band of the transmitted symbol (40 MHz), n is the number of the
noise samples inside the band of 40 MHz and P; is the power of each noise sample. Such samples
were obtained along the route without turning on the transmitter, only acquiring noise samples and
saving them for post processing. The measured noise of the channel was - 141 dBm/Hz. In the 2.48
GHz band the ambient noise floor was limited by the noise floor [14] of the measurement system and
it was not possible to acquire measurements in the 1250-2700 m range. By using the dfittool function
of Matlab®, the amplitude samples of the noise presented a better adjustment to the Gaussian
statistics, therefore, allowing us to use the most largely equations found in literature for calculating

channel capacity as described next.
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C. Capacity in SISO and SIMO systems

If compared to a SISO, either SIMO or MISO (Multiple-Input Single-Output) systems can provide
significant improvement in communication quality (bit error rate - BER) as well as in capacity, by
using multiple antennas to provide space diversity. The expressions needed to calculate capacity in
bps will be provided in the following paragraph.

For an out of memory system, the maximum capacity of a wideband SISO system in a Gaussian
channel is written by [15]:

Csiso = B.logz(1+ p |h) (14)

in which p is the mean signal-to-noise ratio (SNR = S/Py) at the receiving antenna and h(t, z) is the
complex channel gain.

The same process occurs in memoryless wideband SIMO system, in which each reception channel
is independent from the other, if p is a constant mean in the environment of a Gaussian noise, the

maximum channel capacity, in bps, is calculated from;

o
Csimo = B. 50.&?2(1 +p Z__1|he|2) 15

in which h; is the channel gain related to each branch of diversity, therefore, |hi(t, 7)|* means the
absolute value of the power delay profile and n is the number of receiver antennas.

In a random time variant channel, the maximum capacity, due to the diversity in a SIMO receiver,
is calculated from [14]:
Coppo = B.log, {det [1 + pH HF]} (16)

with H meaning the N x 1 channel gain, H" is the transposed matrix of H, and N is the number of

receiver antennas. In this test two diversity branches were used, therefore:

Copo = B.logs {1 + o |Hy1|* + p|Ha|*T} (17)

in which Hy; and Hy, represent the channel gains on the diversity branches TX-RX1 and TX-RX2,

respectively.

IV.RESULTS

Fig. 4 depicts the OFDM power levels signal received along the whole route. Those values were
obtained in the marked distances associated to different time instants. In most cases, they decreased
up to 1250 meters. LOS and NLOS links appear throughout that distance. From approximately 1250
to 2700 m, the received power level remained below the spectrum analyzer threshold. When distance
reached 2700 m length, peaks and valleys of power were detected. In the final distances high values
were observed and they occurred due to the contribution of water reflections and the LOS link since

the receiver was opposite of the transmitter, across the lagoon (Fig. 1). For that reason, only up to 1
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km distances were considered were considered for diversity gain calculation.
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Fig. 4. Power level of the received signal along the whole route.

Neither p (= SNR) nor the channel gain, h(t, z), remained constant in the entire sounded route in
Fig. 1. Consequently, equations (14) and (17) were calculated for each power delay profile obtained
related to received OFDM symbol. Different capacities per band are depicted in Fig. 5 for both

diversity branches, confirming that the capacity proportionally increased with the SNR.
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Fig. 5 - Capacity/band versus SNR for both diversity branches.

Fig. 6 shows capacities decreasing while transmitter distance increases. The curve shows the SIMO
values capacity adjustment, which resulted in a capacity gain as the application of spatial diversity
was used. However, the capacity gain is better performed in smaller distances since the mean signal
power decreases with distance and strongly affects the capacity calculus, whereas the mean noise
signal practically remains the same.

The results are compacted in Table IV in which improvement on capacity can be observed as well

as those found in literature related to simulations [16].
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Fig. 6. Experimental capacity/band.
TABLE IV. EXPERIMENTAL CAPACITY
Capacity/band bps/Hz Transmission rate (Mbps)
SISO - Branch 1 0.003t0 1.3 0.12 to 52
SISO - Branch 2 0.007to 1.7 0.28 to 68
SIMO - Branches1and 2 0.100to 1.86 4.00t0 74.4

V. CONCLUSIONS
It is essential to study the channel behavior in urban areas for implementing LTE technology and

reaching a good system planning, searching for the transmission rate possible in this kind of channel.
Such rate is low in this environment typically urban, in general, and the diversity technique is one of
the possible solutions to increase it.

In order to evaluate the experimental results of the 1 x 2 SIMO system, measurements on the 2.48
GHz band were carried out in an outdoor channel. OFDM symbols of 40 MHz were transmitted and
the channel response was calculated. With two omnidirectional antennas in the reception side, | and Q
samples of the wideband signal were acquired independently at both diversity branches. By matched
filtering of the complex signal measured, the power delay profiles were determined. The results for
the RMS delay spread are typical of a urban environment with values from not overcoming 4 us. Such
results permit maximum transmission rates that vary from hundreds of kbps to some Mbps [17]. It is
worth to say that these are raw rates with no equalization or codification applied.

The noise power and the signal power of the OFDM were calculated for obtaining the signal-to-
noise ratio. Finally, the channel capacity was calculated for each reception branch and also combined
for providing the total capacity of the SIMO system. On the branch 1 of diversity, the rate varied from
0.12 to 52 Mbps while its varied from 0.28 to 68 Mbps on the branch 2. Accordingly, the transmission
rate using the 1 x 2 SIMO system without other resources as equalization or codification has
presented a better transmission rate, yielding rates varying from 4 to 74.40 Mbps, depending on the

distance between the transmitter and the receiver. It shows a mean improvement over the individual
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ones of 1.24 Mbps for the antenna 1 and 9.26 Mbps for the antenna 2. Thus, the spatial diversity
improved the mean transmission rate. These results are not so good as those obtained in indoor
channels [18], in which there is more contribution of multipath, in general, and they have used MIMO
instead of SIMO. However, they are inside the range simulated by Cueto et al. [16] in which mean
values of throughput ranged from 0.025 to 2.85 bps/Hz for a 40 MHz OFDM transmitted in
modulations increasingly robust, varying from QPSK with 1/8 code rate to 64 QAM with 3/4 code
rate.

In future works, 1 x 2 SIMO system will be experimentally tested, including other urban channels,
in order to verify the improvement in the spectral efficiency on this kind of channel. Moreover, 1 x 3
SIMO will be tested and comparisons will be made with 2 x 2 MIMO.
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