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ABSTRACT 

 

This paper presents the results of laboratory experiments using a commercial-off-the-shelf 

software defined radio to demodulate SOQPSK-TG for aeronautical telemetry. Using the NI USRP 

N210 and ZynqTM processor, we achieved 900 kbits/s demodulation and found that the USRP 

N210 has a signal sensitivity of -71 dBm at a BER of 10-6. 

 

INTRODUCTION 

 

A software defined radio (SDR) is a communication system where components such as mixers, 

amplifiers, modulators, demodulators, etc., are implemented in software rather than in hardware. 

This configuration permits access to a large range of radio frequencies, allows the implementation 

of dynamic spectrum access to address the issue of spectrum scarcity, and allows the radio to be 

programmed for a variety of applications. Currently, applications for SDRs are being explored in 

areas such as national defense, public safety, inter-vehicle networking, and education [1].  

In this paper we explore the application of a commercial off-the-shelf SDR to aeronautical 

telemetry. This paper is organized as follows. In the next section, we describe the SDR system. 

Following that, we outline the laboratory-based experiments we used to evaluate the capabilities 

of the SDR. We show that using a modest computational platform, an SOQPSK-TG bit rate of 900 

kbits/s can be achieved, and the receiver input sensitivity is approximately -71 dBm. We end with 

a short discussion and conclusions.  

 

SDR SYTEM DESCRIPTION 

 

The overall block diagram of our system is shown in Figure 1. Our system uses a transmitter, the 

Universal Software Radio Peripheral (USRP) [2], a ZyboTM  [3] evaluation board, and the 

FireberdTM 6000A Bit Error Rate Tester (BERT). The transmitter supplies the RF signal to be 

demodulated in the software defined radio. The RF front end and sampling occurs in the USRP. 

The discrete-time baseband signal processing occurs in the ZynqTM processor on the ZyboTM 

board. The bit decisions are clocked to the BERT. Each of the elements is described in more detail 

below. 
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Figure 1: Overview of system. 

Transmitter – we used a multimode transmitter by Quasonix (model number QSX-VMR-110-10S-

20-4O-VP-INET) as our SOQPSK-TG signal source. The transmit frequency was set to the center 

of L-band, 1485 MHz, and we used the variable bit rate and variable power features for our 

experiments. The data source was set to the internally generated length-2047 PN sequence for use 

with the BERT. 

Software-Defined-Radio – the software-defined radio comprised two parts: the software-

configurable RF front end and the baseband discrete-time processor. The software configurable 

front end is the USRP. The USRP performs filtering and frequency translation from RF to I/Q 

baseband as shown in Figure 2. The continuous-time I and Q signals are sampled at a fixed high 

sample rate then resampled to a lower rate defined by the user. The outputs of the I and Q 

resampling filters are formed into Ethernet packets. The 1 Gbit/s Ethernet protocol forms the 

interface between the URSP and the computational platform. 

For baseband processing we chose the ZyboTM evaluation board. This choice was made for two 

reasons. First, we wanted to explore the feasibility of a relatively small form-factor, self-contained 

unit for our demodulator. Second, of all the evaluation boards that met this criterion, we chose the 

one with which we had the most experience. (The ZyboTM evaluation board is used in the junior-

year core electrical engineering courses at BYU.) The board includes the ZynqTM XC7z010 chip 

which incorporates a dual-core ARM Cortex-A9 based Processing System and an FPGA.  

  

 

 
Figure 2: USRP front end 
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Figure 3: Computational platform with BERT interface 

 

A block diagram of our computational platform with its BERT interface is illustrated in figure 3. 

The ZyboTM board is equipped with a 1 Gbit/s Ethernet interface accessed through the dual-core 

ARM processor. Our demodulator resides in the processor. The generated bit decisions are handed 

to the FPGA fabric via the direct memory access (DMA) engine and are clocked out to the BERT 

at a steady rate. 

The demodulator comprised a C++ program running on the dual-core ARM Cortex-A9 processor. 

For the demodulator, we implemented a symbol-by-symbol demodulator as described in [4] 

operating at 2 samples/bit. For synchronization, we used two phase-lock loops (PLLS): one for 

carrier phase synchronization and one for symbol timing synchronization. 

A high-level description of the C++ program is shown below. The get_sample_stream command 

forms the interface with the Ethernet port and makes available the samples produced by the USRP. 

The for loop starting on line 3 works through the samples in each received Ethernet packet. For 

each two samples, a detection filter output is produced. The detection filter output is rotated to 

remove the phase offset, and interpolated to remove the timing offset. Bit decisions are made on 

the rotated and interpolated samples. After differential decoding, the bits are placed in a transfer 

buffer (or FIFO) for transfer to the FPGA fabric. The timing and phase error signals are updated 

before the program moves to the next sample. 

1  while(1){ 

2    get_sample_stream; 

3    for(i=0; i<num_samples; i++){ 

4      compute down sampled matched filter output; 

5      rotate matched filter output; 

6      if(strobe == 1){ 

7        compute required interpolants; 

8        update timing error; 

9        update phase error; 

10       compute bit decisions and apply differential decoding; 

11       put bits in transfer buffer; 

12       update timing PLL; 

13       update phase PLL; 

14     } 

15   } 

16   if(bit transfer buffer full){ 

17     perform DMA transfer to FPGA fabric; 

18   } 

 

When the transfer buffer is full, the bits are transferred to the FPGA fabric using a DMA transfer. 

The FPGA fabric consists of a DMA FIFO (32 x 512) and a finite state machine (FSM) as shown 

in Figure 4. For the BERT to function properly, it was necessary to create an FPGA circuit to 
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receive the bits in bursts but clock them out at a steady rate. To accomplish this, we coded a finite 

state machine (FSM) to interface with the DMA FIFO.   

The state transition diagram for the FSM is shown in Figure 5. The FSM remains in the “obtain 

data” state as long as the FIFO is empty. Once the FIFO receives data, the first row is placed in a 

shift register and the FSM transitions to the “TX Data to BERT” state. The FSM toggles between 

the “TX Data to BERT” and “Delay” until 32 bits are transferred to the BERT. During a transition 

to the “Delay” state, the signal bert_data is assigned the least significant bit of the shift register, 

the register is shifted to the right, and bert_clk is assigned low. This forces the data to change on 

the falling edge of the clock. Before transitioning back to the “TX Data to BERT” state, the FSM 

delays a specified amount of time, toggles the bert_clk high, and delays the same amount of time 

again. The delay time can be controlled by changing the value of the hold parameter. This allows 

us to create a constant clock at a desired rate. Once we have transferred all 32 bits to the BERT, 

we return to the obtain data state to acquire another row from the DMA FIFO and repeat the 

process. 

 

 

 
Figure 4: The BERT interface in the FPGA fabric. 
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Figure 5: Finite State Machine for BERT interface 

 

 CAPABILITIES 
 

 

We explored the capabilities of the system illustrated in Figure 1. We measured the capabilities 

using two figures of merit: the maximum achievable bit rate and the receiver input sensitivity.  

We used the following procedure to determine the maximum achievable bit rate. First, the bit rate 

on the transmitter was fixed and then the signal was sampled at two times the bit rate on the USRP. 

The BERT was then monitored for any errors. This process was repeated, incrementing the bit rate 

and sampling rate each time, until bit errors occurred. 

Once our system was setup correctly we were able to test the limits of our demodulator. At final 

count, the demodulator was able to handle 900 kbits/s. The limiting factor is the ZynqTM processor. 

It is simply not fast enough to demodulate all of the data before another packet is ready. Some 

techniques used to improve the speed were multithreading and limiting the number of multiplies 

in our code. Changing the buffer sizes might increase the speed by limiting the Ethernet connection 

overhead but due to time constraints this was not thoroughly explored. 

 

After testing the throughput we tested the receiver sensitivity. The setup used is shown in figure 

6. We carefully calibrated the two 30 dB attenuators and the 20 dB attenuator to verify that, when 
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summed, they equaled an 80 dB drop. This was done using the Krytar 9000B power meter and a 

signal generator outputting a known power level. Once all of the necessary calibrations were made 

we connected the three attenuators in series with the Quasonix transmitter and USRP radio. The 

Krytar was attached to the Quasonix transmitter before the attenuators with a T connector. The 

Krytar was used to verify the signal strength but it can only read values between 20 dBm and -39 

dBm. Thus it was important that the attenuators were carefully calibrated to find the precise input 

signal strength to the USRP and that the power meter was placed before the attenuators. Changing 

the signal level was simple. There is a parameter in the Quasonix transmitter that can be set that 

will change the output power by roughly 1.1 dB. We incrementally lowered this setting, measured 

the signal power, and measured the BER.   

 

The USRP’s amplifier was set to 21 dB. Theoretically the amplifier can go as high as 38 dB but 

when set higher than 21 dB we observed oscillations. This could be due to a bad part or possible 

an error in the design. Figure 7 is a graph of our results.  

 

 
Figure 6: Receiver sensitivity setup. 

 

 
Figure 7: BER vs. Input Signal Level. 
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DISCUSSION AND CONCLUSIONS 

 

After analyzing our results we conclude that higher bits rates are achievable with a more powerful 

computational platform. The next step is to experiment with an FPGA-based computational 

platform, preferably one that is already packaged with the software defined radio such as the USRP 

E310 from Ettus Research. 

 

One of the shortcomings of the USRP N210 was the lack of a hardware AGC. If an AGC were to 

be included it would have to be implemented in software, taking away precious clock cycles and 

further limiting the overall bitrate of the system. This would be a much smaller issue on an FPGA 

because of concurrent processing. 

 

As mentioned earlier, the RF gain was not set to its highest value due to oscillations. If it were 

possible to use 38 dB instead of 21 dB it would theoretically be possible for the receiver sensitivity 

to be 88 dBm at a BER of 10-6. 
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