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Here, )10( −≤≤ Mmm  is the time sampling index, ][nW  is the Hanning 
window function to suppress a side lobe level, and ∑ −
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spectrum is calculated for the evaluation of the directional properties of the channel. Tx/Rx 
antenna array responses ),( TT nφα , ),( RR nφα  are calculated from the theoretical mode vector 
of the uniform circular array (UCA) and the patch antenna's radiation pattern ),( np φ . Here, 

Tφ  and Rφ  represent the azimuth angle-of-departure (AoDazm) and the azimuth angle-of-
arrival (AoAazm), respectively. 

)]))1(cos(2exp(),)1((

))cos(2exp(),( ),)cos(2exp(),([),(

T/R
T/R

T/R
T/R

T/R
T/RT/RT/R

n

nn

LrjnLp

rjnprjnpn

λ
ηφπηφ

λ
ηφπηφ

λ
φπφφ

∆−−
∆−−

∆−
∆−=



α

 (2) 

Here, nλ  is the wavelength of the carrier wave, r  is the antenna rotation 
radius, and Lπη 2=∆ . 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 )( TT φY , )( RR φY are also 
defined from ),( TR φφY  as follows. 

∫=
π

φφφφ
2

0 TTT ),()( dYY (4) 

∫=
π

φφφφ
2

0 RRR ),()( dYY          (5) 

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.  
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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 5 dBm 5 dBm 

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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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 
×  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. 
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    Figure 6. The room layout 
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Figure 7. The double directional power spectrum measurement result (a)USRP-based 
system, (b)VNA-based system 
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Figure 8. The power spectrum comparison (a) Angle of arrival, (b) Angle of departure 
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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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