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Abstract

MIMO channel sounding is essential for evaluating the MIMO transmission performance in real
propagation environments. In this paper, we have developed a versatile channel sounder by using
the GNU Radio and Universal Software Radio Peripheral (USRP) platform and the virtual antenna
array method. The developed channel sounder is low cost and can be utilized flexibly for
measurements in the UHF band. The performance of the developed channel sounder was validated
through a T-junction cable connected test and an indoor channel measurement. The result showed
that the performance quite agreed with the measurement of a VNA-based measurement system. The
developed channel sounder is expected to be utilized for various kinds of propagation channel
measurements.
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Introduction

Multiple-input multiple-output (MIMO) transmission techniques have become one of the
essential technologies of present high-speed wireless communication systems such as the
cellular[1] and the Wireless LAN (Local Area Network) system[2][3]. Because the
performance gain of MIMO transmission is limited theoretically by the angular dispersity
of propagating waves on both Base Station and Mobile Station sides[4][5], various channel
measurements have been conducted[6][7] for the performance evaluations and the
appropriate design of the system[8][9].

In [5], the angular dispersity of waves was evaluated by channel measurements
which utilized the virtual array method. In the method, the channel transfer functions were
measured continuously while the antenna location was changed. And then all measured
snapshots were synthesized to configure a MIMO channel matrix. In the virtual array
method, the long term performance stability of the measurement system during the
operation is needed. In [10], a vector network analyzer (VNA) was used for that. However,
the development cost and the additional calibration workload of channel soundings are
quite high, and the applicable environment of the system is substantially limited. To solve
the problem, the software defined radio (SDR) based channel sounders are investigated
[11-14].

The SDR-based sounder has the advantages that the development cost is reduced
significantly by utilizing general-purpose RF modules, and it enables to conduct the
measurement in more variety of environments.

However, the long term performance stability of the system has not been clarified
for the virtual array-based channel sounding.
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We have developed a versatile channel sounder on the GNU Radio and Universal
Software Radio Peripheral (USRP) platform. We pointed out that the insufficient
communication throughput between USRP motherboard and control PC (Personal
Computer) can cause the performance degradation of the sounder. And to solve the
problem, we proposed the method which accesses the PC's random access memory (RAM)
directly from the USRP platform [15]. The contribution of this paper is as follow: We
evaluated the performance improvement of the proposed method through the cable
connected test. And, we implemented the system to apply the sounder to the virtual array
method. The directional properties of propagation channel were investigated in an indoor
environment.

Channel Sounder Development on GNU Radio/USRP Platform

Baseband Signal Processing Improvement

The developed channel sounder is capable of operating in any frequency bands below 4.4
GHz. The flowchart of both the Tx (transmitter) and the Rx (receiver) side baseband signal
processing in the USRP DSP chain[16] are shown in Figure 1. In this work, a multitone
signal[6] was used for the channel measurement. At the Tx side, transmitted packets are
firstly sent to the VITA Tx Deframer, and they are split into headers and payloads. Then
the VITA Tx Control block controls the sampling timing of the data. The DSP Tx Core
consists of an upsampling module and a modulation module. Up-sampling is achieved by
using cascaded integrator-comb (CIC) and half-band filters. And then the samples are
multiplied by the product of a coordinate rotation digital computer (CORDIC) based
numerically controlled oscillator, and finally, they are sent to the digital-analog converter
(DAC). The DSP Rx chain is basically operating the reverse process to the DSP Tx chain.
The VITA Rx Control block adds the timing information to the samples, and the VITA Rx
Framer packs the samples into receiving packets. The packets contain necessary headers to
distinguish different data streams and additional timing information. The packet router
corresponds to a link between the central processing unit (CPU) of the DSP chain and the
control PC.
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Figure 1. The USRP DSP chain structure (a) Tx-side (b) Rx-side

In this system architecture, we found that the link between the DSP chain and the
control PC becomes a bottleneck of the entire data processing due to inferior throughput
performance of hard disk (HD) of the control PCs. Therefore we have proposed to utilize
the RAM disk of the control PC[15]. As shown in Figure 1, the transmitted signal is stored
into the RAM disk of the Tx-side host PC before the measurement. The received signal is
also stored in the RAM disk of the Rx-side host PC during the measurement. The channel
characteristics are evaluated from the stored data in the RAM by off-line data processing.
By this improvement, wideband channel measurement signals can be recorded without
sampling loss.

Directional Channel Measurement

Figure 2 shows the developed virtual antenna array method for measurements of
directional channel properties. The Tx and Rx antennas are patch antennas and fixed on the
rotators. The rotators are controlled by the rotation control PC, and the USRP Tx/Rx nodes
are controlled by their control PCs which were connected each other by Ethernet. In the
measurement, the Tx control PC firstly triggers both the USRP Tx node and the Rx control
PC to start the measurement. After the Rx control PC finishes receiving the signal, it
triggers the rotation control PC to start rotating. Finally, when the rotator finishes rotating,
it triggers the Tx control PC to start the measurement again. The measurements continue
automatically until all measurements of all antenna direction conditions finish.

We assume a static propagation environment in which the propagation
channel remains unchanged during a whole measurement. Through the virtual array based
measurement, the frequency channel transfer function matrix H[n]= (h,,[n]) of each Rx/Tx
azimuth angle condition is obtained. Here, k (0<k <K -1) is the Rx antenna rotation index,
[(0<l<L-1) is the Tx antenna direction rotation and n(0<n<N -1) is the sub-carrier
index, respectively. In this paper, we assume the same rotation step for both Tx and Rx
sides, that means K = L. The channel impulse response matrix G[m]=(g,,[m]) is calculated

by inverse Fourier transform of the transfer function defined as follow.
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Here, m(0<m<M -1) is the time sampling index, wW[n] is the Hanning
window function to suppress a side lobe level, and ¢ = N/Z:‘:’:\N[n]. The angular power
spectrum is calculated for the evaluation of the directional properties of the channel. Tx/Rx
antenna array responses a.(¢;,n), ag(4:.n) are calculated from the theoretical mode vector
of the uniform circular array (UCA) and the patch antenna’s radiation pattern p(¢,n). Here,
¢ and ¢, represent the azimuth angle-of-departure (AoDazm) and the azimuth angle-of-
arrival (AoAazm), respectively.
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Here, 4, is the wavelength of the carrier wave, r is the antenna rotation
radius, and An=2z/L. Finally, the double directional angular power spectrum is defined as
follows.
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The Tx-side and the Rx-side angular power spectra Y;(#r),Ygr(d:)are also
defined from Y (¢.¢:) as follows.

Vo)=Y (9.4,)dg @
Yeld) = [ Y (¢, 9)dg ©)

Performance Evaluations of Developed Channel Sounder

Packet Loss Characteristics

To justify the performance improvement of the proposed method which utilizes the RAM
of control PC, we evaluated the packet loss characteristics between the Rx control PC and
the USRP Rx. In the test, the Tx and the Rx are directly connected by the RF cable. The Rx
continuously recorded the data which were sent from the Tx for10 sec. Measurement
parameters are shown in Table I (a). In the first test, the data were recorded to the HD of
Rx PC, and in the next test, the data were recorded to the RAM of Rx PC. We repeated the
tests for 10 times for each case.

Figure 3(a) shows the packet loss transition of a trial in the HD case. The packet
losses occurred in bursts owing to the buffer overflow of the Rx PC. It is thought to be a
reason for the sounding performance degradation. Figure 3(b) presents the average packet
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loss ratios of all tests. In the HD case, the packet loss ratios ranged from 0.0030 to 0.0085
owing to this problem. However, it was suppressed less than 0.0002 by utilizing the RAM.
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Figure 2. The channel sounder structure for directional channel measurement
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Figure 3 The packet loss characteristics (a) Packet loss transition example (HD case),
(b) Packet loss ratio comparison

Baseband Signal Processing Performance

The baseband signal processing performance of the developed channel sounder was
evaluated by a T-junction cable connected test. The test overview is shown in Figure 4.
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The test system consisted of a cable which was directly connected to the Tx and the Rx,
and a cable of which one side was kept open, and attenuators. The local oscillators of the
Tx and the Rx were synchronized with the 10MHz reference of an external rubidium clock.

Firstly, the S12 parameter of the test system was measured by the VNA
(Rohde & Schwartz ZVA 40) for the reference. Next, the developed channel sounder was
connected to the test system, and then the channel transfer function was measured.
Measurement parameters are shown in Table I.

A ATT ATT B
(20dB) (20dB)
Cable
(18m)
C(open)

(a) T-junction cable connected test scheme

(b) The Test for the USRP-based system (c) The Test for the VNA-based system

Figure 4. The baseband signal processing performance evaluation (a) T-junction cable
connected test scheme, (b) The Test for the USRP-based system,
(c) The Test for the VNA-based system
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Table I. Measurement Parameters

Value (a) USRP channel sounder (b) VNA (R&S ZVA40)
Carrier frequency 2.4 GHz 2.4 GHz
Bandwidth 12.5 MHz 12.5 MHz
Frequency points 128 128
Transmit power 5dBm 5dBm
Transmit signal Multitone Frequency sweep
Sampling rate 25 MSps -

The amplitudes of the measured channel impulse responses are shown in Figure
5(a). There were two peaks at 80 ns and 240 ns, respectively. It is thought that the first
peak corresponded to the signal which propagated through the cable that is connected
between the Tx and the Rx directly. The second peak corresponded to the signal which
propagated to the Rx after the round trip through the cable of which one side was kept open.
Those peaks were detected correctly by both the USRP channel sounder and the VNA.
Figure 5 (b) shows the phases of the measured channel transfer functions. The phase
difference of the USRP channel sounder and the VNA was 2 deg. at a maximum, and it is
thought that the data were sampled at correct timings without any sampling losses.
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(b) The phase of the frequency transfer function

Figure 5. The measurement result (a) Impulse responses, (b) The phase of the frequency
transfer function

Angular Power Spectrum Comparison in an Indoor Environment

Channel measurements were conducted in a room environment, and the angular power
spectra obtained by both the USRP-based system and the VNA-based system were
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compared. The room layout is shown in Figure 6. The room size was approximately 6.7 m
x 5.5 m. There were a lot of fixtures such as wooden desks, steel shelves, steel carts, and
small objects like measurement equipment. The spectra were calculated by using the
virtual antenna array method that is described in Section 2.2. The center frequency was 2.4
GHz. Patch antennas were mounted on tripods which were connected to rotators.

Both the Tx and the Rx antenna heights were 1.3 m. The number of virtual UCA
elements was 36, and the rotation radius was 0.358 m so as to set the antenna spacing to
the half wavelength of the carrier wave. In the measurement, both the Tx antenna and the
Rx antennas were rotated to obtain the double directional angular power spectrum. The
same measurements were conducted by using both the developed USRP-based system and
the VNA-based system for comparisons. Other measurement parameters were same as
Table I.

The AoA azimuth - AoD azimuth domain angular power spectrum measured by
the USRP-based system and the VNA-based system are shown in Figure 7. In the results,
three significant clusters were observed. It is thought that the propagation channel
consisted of the LoS cluster which was marked by the yellow circle and single bounce
clusters.

Steel shelves

i

Steel cart

Glass window

Figure 6. The room layout
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The AoD azimuth and the AoA azimuth power spectrum of both the USRP-based
system and the VNA-based system are shown in Figure 8 (a) and (b). Although there were
some discrepancies which are marked in the figure, differences of power spectra were less
than 4 dB. One of the reasons for the differences is thought that the received power
variations due to multipath fading. In conclusion, the power spectra of the USRP-based
system quite matched with those of the VNA-based system.

Conclusions

This paper presents the development of directional channel sounder on the USRP/GNU
radio platform. We solved the data transmission bottleneck of the current channel sounder
architecture by accessing the PC's RAM disk from the USRP platform directly and we
clarified that the proposed method suppressed sampling losses of data by the cable
connected test. We also implemented the virtual array method for evaluation of directional
channel properties. We conducted a T-junction cable connected test and an indoor channel
measurement and compared the results with the VNA-based measurement system. The
result showed that the measurement signal was sampled at correct timings without any
sampling losses in our channel sounder. And the error of angular power spectrum of our
system was less than 4 dB compared with the VNA based system. The result showed a
possibility that the developed channel sounder can be alternatively utilized instead of
dedicated measurement instruments. It is expected to be utilized for various kinds of
propagation channel measurements.
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