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Frequency hopping (FH) is a common characteristic of 
a wide variety of communication systems. On the other 
hand, software-defined radio (SDR) is an increasingly 
utilized technology for implementing modern 
communication systems. The main challenge when trying 
to realize an SDR FH system is the frequency tuning time, 
that is, the higher the hopping rate, the lower the required 
frequency tuning time. In this paper, significant universal 
hardware driver tuning options (within GNU Radio 
software) are investigated to discover the tuning option 
that gives the minimum frequency tuning time. This paper 
proposes an improved SDR frequency tuning algorithm 
for the generation of a target signal (with a given target 
frequency). The proposed algorithm aims to improve the 
frequency tuning time without any frequency deviation, 
thus allowing the realization of modern communication 
systems with higher FH rates. Moreover, it presents the 
design and implementation of an original GNU Radio 
Companion block that utilizes the proposed algorithm. 
The target SDR platform is that of the Universal Software 
Radio Peripheral USRP-N210 paired with the RFX2400 
daughter board. Our results show that the proposed 
algorithm achieves higher hopping rates of up to     
5,000 hops/second. 
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I. Introduction 

In a software-defined radio (SDR) system, SDR technology 
enables one to easily adjust the communication parameters, 
such as the frequency band, modulation type, and data rates, of 
the system’s internal software program (for example, GNU 
Radio). This, in turn, means that one does not have to replace 
all of the system hardware, thus saving time and money. In 
addition, such technology postpones the binding of the design 
decisions until execution time, thus giving designers the 
opportunity to incorporate any late developments, which in 
turn helps them improve the performance of the system. In 
addition, SDR further provides both flexibility and 
maintenance simplicity because most upgrades can be 
performed through the loading of new software as opposed to 
the changing of the hardware modules. Consequently, SDR is 
increasingly being exploited in numerous communication 
systems [1]. 

1. Related Work  

In this section, we review works related to the present study, 
for example, the evolution of SDR architectures and 
applications.  

Spill and Bittau [2] were one of the first to utilize Universal 
Software Radio Peripheral (USRP) and GNU Radio in the 
realization of an SDR Bluetooth device. The main drawback of 
their attempted realization is the SDR Bluetooth device’s 
frequency retuning time. The USRP in conjunction with GNU 
Radio takes more than one-third the duration of a Bluetooth 
packet to retune to a particular frequency, which results in 
packets being missed. 

The authors of [3] proved that it was possible to attain the 
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frequency response of an SDR transceiver having different 
configurations between two receiver daughter boards (BasicRx 
and LFRX) and two transmitter daughter boards (BasicTx and 
LFTX). The authors examined the frequency response within 
the range of 1 to 30 MHz using the USRP as the SDR 
hardware platform and GNU Radio as the software platform. 
Their results show that the amplitude response is the best 
configuration for a transceiver. However, the authors examined 
a very low frequency range, which is not suitable for modern 
communication systems. Moreover, they did not study the 
issue of a constant phase variation. 

The authors of [4] investigated the output RF bandwidth and 
the power linearity versus the DAC value for two daughter 
boards, RFX900 and RFX2400, of the USRP-N210. Their 
results showed that the output RF bandwidth, for both daughter 
boards, is slightly less than the advertised bandwidth; the 
power linearity of the RFX2400 agreed with the advertised 
value. Regarding the RFX900, if the DAC parameter has a 
value above 0.5, then the quadratic relationship between the 
DAC value and the average output power breaks down. 
However, the authors did not analyze their results, and they  
did not provide reasons for the dissimilarity between the 
announced and measured RF bandwidths. 

USRP and GNU Radio have been utilized as an SDR 
platform in many research papers and SDR system prototypes. 
The authors of [5] presented a model of the behavior of USRP 
as an RF front-end hardware for software radio. The model is 
limited by the nonlinearity of the high-order signal components, 
because it does not cover all the fake signals seen in the 
measurements of the transmitted signals and the received 
signal on the other side. The authors of [6] demonstrated that 
both USRP and GNU Radio can be used to realize a passive 
localization algorithm for indoor use for Global System for 
Mobile (GSM) communications. The authors of [7] proposed 
an SDR methodology to examine GSM from the perspective 
of Universal Mobile Telecommunications System network 
handover vulnerability. 

With the aid of USRP-2 and an additional field-
programmable gate array (FPGA), a multiple input and 
multiple output orthogonal frequency-division multiplexing 
testbed was proposed in [8]. The authors of [9] demonstrated 
the realization of a cooperative communication testbed based 
on both GNU Radio and the USRP platform. The developed 
testbed allows both single-relay and multi-relay cooperation. 
However, the authors did not perform a bit error rate analysis. 
In addition, all of their experiments were conducted indoors. 

USRP has also been utilized in the SDR realization of GPS 
systems [10], [11]. Moreover, it is used in conjunction with 
Matlab Simulink for implementing an SDR radar system [12]. 
Recently, USRP has been used in the development of an SDR-

based RF wireless tomography imaging system in a remote 
sensing application [13]. 

Other software and hardware SDR platforms have also been 
utilized. The authors of [14] implemented the WIMAX IEEE 
802.16e baseband with the aid of Texas Instruments’ SDR 
hardware platform “SFF” [15] and Matlab as a software 
platform. Microsoft also introduced a complete software and 
hardware SDR platform that can support up to a 16.7 Gbps 
throughput with sub-microsecond latency [16]. 

2. Motivations and Contributions 

Frequency hopping (FH) is a significant phase among a 
variety of SDR applications. Designers are continually striving 
to increase the hopping rates to both improve and reinforce  
the performance of multipath and fading channels [1]. For 
example, Bluetooth devices internally employ FH as a signal 
spreading technique with a hopping rate of 1,600 hops/second; 
consequently, the frequency synthesizer of such a device has to 
hop from one frequency to the next, settle, and communicate 
all in less than the duration of a single packet slot (625 µs) [2].  

The USRP-N210 is a single popular SDR platform. The 
RFX2400 daughter board’s frequency tuning time is typically 
250 µs [2]; therefore, “Hopping with a frequency tuning delay 
of 250 µs would cause up to one third of each Bluetooth packet 
to be lost” [2]. In this context, this paper proposes an improved 
SDR frequency tuning algorithm that reduces the frequency 
tuning time. The proposed algorithm facilitates the SDR 
realization of FH systems that have high hopping rates.  

A GNU Radio Companion (GRC) block employing the 
proposed improved SDR frequency tuning algorithm has been 
implemented. To verify the functionality of the developed 
algorithm, an FH transceiver is also implemented.  

The rest of this paper is organized as follows. An explanation 
as to how the USRP (in conjunction with the UHD) tunes a 
target frequency is introduced in Section II. Our research 
methodology along with the proposed improved SDR 
frequency tuning algorithm is presented in Section III. An 
overview of the utilized experimental setup is shown in  
Section IV. The experimental results along with a discussion of 
these results is given in Section V. Finally, Section VI 
concludes the paper and suggests some future work.  

II. Background 

This section introduces some basic concepts to help with the 
understanding of the rest of the paper. It presents how USRP 
(in conjunction with the UHD) tunes a target frequency.  

The RFX2400 is designed around two chips, the quadrature 
demodulator and the modulator. The local oscillator signals that 
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drive the RFX2400 are synthesized by a phase-locked loop 
(PLL). The PLL is implemented using a voltage-controlled 
oscillator (VCO), which operates at a fixed frequency. It has a 
typical frequency lock time of 250 µs and can only handle 
discrete frequency values.  

To tune the USRP-N210, the following two-step UHD 
process is required [17]: First, the RFX2400 daughter board is 
tuned as close as possible to the desired frequency because the 
PLL step equals 4 MHz. This step can be changed to 1 MHz 
instead of 4 MHz, but this will lead to a worse phase noise. The 
generated frequency component of the RFX2400 is called 
“RF-Frequency.” Second, after the daughter board frequency 
has been set, either the digital down-converter (DDC) or digital 
up-converter (DUC) of the USRP-N210, whichever is 
applicable, is set to make up the difference in frequency [18]. 
The generated frequency component of either the DDC or 
DUC is called “DSP Frequency.”1) 

The UHD software interface provides three frequency tuning 
polices: auto, manual, and none. These policies are applicable 
to the digital signal processor (DSP) and RF frequency 
components. Thus, there are ideally nine tuning combinations. 
However, not all of the combinations, of the three policies, are 
applicable. These tuning policies work as follows:2) 
▪ Auto: The UHD automatically adjusts the frequency 

component (DSP or RF) that is set with regard to the auto 
tuning policy. 

▪ Manual: The frequency component (DSP or RF), which is 
set with regard to the manual tuning policy is manually 
adjusted by the programmer. 

▪ None: If this policy is applied to the RF component, then 
the UHD adjusts the RF frequency component to the center 
frequency of the daughter board in use. If it is applied to the 
DSP frequency component, then the DSP frequency is 
adjusted to 0 Hz. 

III. Research Methodology 

 This section first investigates all applicable UHD tuning 
options from the perspective of the tuning time. Second, the 
proposed improved SDR frequency tuning algorithm is 
presented. Finally, a new GRC block for FH sequence 
generation that employs the proposed algorithm is introduced. 

Six UHD tuning options are investigated from the 
perspective of tuning time. A Python script was written to 
inspect the six applicable tuning options against the tuning  
time. A frequency range of 2.3 GHz to 2.9 GHz is used for 

                                                               

1) GNU Radio: http://gnuradio.org 

2) Universal Hardware Driver (UHD) http://files.ettus.com/uhd_docs/manual/html/ 

general.html 

 

Fig. 1. Tuning times for different UHD tuning options. 
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investigating all the tuning options except for the Auto–None 
and Manual–None options; here, the permitted frequency 
range is 2.55 GHz to 2.85 GHz.  

In our experiments, the minimum, average, and maximum 
tuning times for a given target frequency range with a step of  
1 MHz are recorded. Figure 1 shows the minimum, maximum, 
and average tuning times for the six applicable UHD tuning 
options. Although the results demonstrate that the Manual–
None and Auto–None (Auto DSP–None RF) options achieve 
the two lowest average tuning times, these two options do not 
cover all of the frequency band.  

1. Proposed SDR Frequency Tuning Algorithm 

In this section, we present the proposed improved SDR 
frequency tuning algorithm. The proposed algorithm aims to 
improve the frequency tuning time without any frequency 
deviation to suit modern FH-based wireless communication 
systems. 

There are two main reasons for the relatively high tuning 
time of the USRP/UHD. First, the generated USRP/UHD 
frequency consists of two components, namely, RF frequency 
and DSP frequency. The RF frequency is generated using 
PLL/VCO. Thus, its tuning time is much greater than that of 
the DSP frequency, which is generated using the FPGA 
integrated within the USRP. Second, the Auto–Auto option, 
which is the default UHD tuning option, results in a high 
tuning time. Typically, it is almost twice the tuning time of the 
Manual–None option (see Fig. 1). 

The proposed algorithm tackles these two issues as follows: 
The tuning time of the RF frequency component of any target 
frequency is much higher than that of the DSP frequency 
component. As such, for the first hop of the FH sequence, the 
RF frequency is adjusted and fixed to the center frequency of 
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the target frequency span using the None–Manual (None DSP-
Manual RF) option. Consequently, the subsequent frequency 
hops have a fixed RF frequency component (that is, there is no 
need to wait for the PLL to lock). 

Next, the actual generated RF frequency is read and the DSP 
frequency component is calculated as the difference between 
the target and the actual generated RF frequencies. Then, tune 
requests for the DSP and RF frequencies are sent to the 
RFX2400 daughter board and the USRP, respectively, using 
the Manual–Manual option. Algorithm 1 summarizes the 
proposed algorithm for improving the tuning time for every 
single frequency in a target hopping sequence. 

 

Algorithm 1. Proposed improved SDR frequency tuning algorithm.

1. Initialize the USRP-N210 and the RFX2400 Daughter-Board. 
2. Check if the Start and Stop frequencies are within the limits of the 

RFX2400. 
3. If (StopFreq. – StartFreq. ≤ 250 MHz)3)  
4.    Read the Sampling Rate of the GRC Block (Samp_Rate) 
5.    Time_To_Hop = Samp_Rate / Hopping_Rate 
6.    Enable real time scheduling 
7.    CenterFreq. = (StopFreq. – StartFreq.)/2 

8.    Set the Frequency tuning policy to None-Manual 
9.    Send frequency tune request by the CenterFreq. 

10.   While (PLL is not locked) 
11.       Wait 
12.   EndWhile 
13.   Read the generated RFFreq. 

14.   Freq. Freq.f RF Target    

15.   Set the tuning policy to Manual-Manual 
16.   For (i = First_hop : Last_hop)   ►step = one hop 
17.       DSPFreq. = f  

18.       Send frequency tune request by the DSPFreq. (RFFreq. is 

unchanged) 
19.       While (NOT Time_To_Hop & NOT Last_hop) 
20.           Wait 
21.       EndWhile 
22.   EndFor 
23. Else 
24.  Set Auto-Auto tuning policy 
25.  Send frequency tune request by TargetFreq. 

26. EndIf 
 
 2. GRC FH Sequence Generator  

This section presents the design and implementation of a 
GRC block that works as an FH sequence generator. The 
underlying Python script adopts the proposed algorithm. The 
graphical user interface (GUI) of the proposed GRC block 
allows a user to specify a target frequency band and FH rate  
                                                               

3) 250 MHz ≡ Span of the DSP frequency band. 

 

Fig. 2. Proposed GRC FH block.  
 

Table 1. Parameters of GRC FH block. 

ID Parameter Description 

1 
Daughter board 

selector 
Selects connected daughter board. Currently 

only the RFX2400 is implemented. 

2 Max. hopping rate Maximum hopping rate (hops/second). 

3 Min. hopping step
Minimum frequency spacing between two 

successive frequency hops (in Hz). 

4 Hopping sequence
FH sequence  

(e.g: 1e6, 2e6, 3e6, 4e6, 5e6 in Hz). 

5 Start frequency 
Minimum frequency in the hopping sequence 

(in Hz). 

6 Stop frequency 
Maximum frequency in the hopping sequence 

(in Hz). 

 

 
(see Fig. 2). It includes three main parameters: the maximum 
hopping rate, and the starting and ending frequencies. 

Table 1 illustrates these parameters along with a brief 
description for each. Although the developed GRC FH block 
currently works only with the RFX2400 daughter board,    
we add a daughter-board-selector parameter for future 
enhancements. 

IV. Experimental Setup 

The experimental setup utilized in this paper consists of a 
DELL Latitude E5410 laptop with Ubuntu 12.10 as its 
operating system, a USRP-N210 with an RFX2400 board, a 
Rohde & Schwarz FSH8 spectrum analyzer [19], and 
Tektronix MSO4032 mixed-signal oscilloscopes [20]. 

The USRP-N210 is the highest performing class among the 
USRP family. Figure 3 shows a block diagram of the USRP-
N210. It consists of a motherboard with a Xilinx Spartan-3A 
FPGA, dual 14-bit ADC with a sampling rate of 100 MS/s, a 
dual 16-bit DAC with a sampling rate of 400 MS/s, 
DDC/DUC converters with programmable interpolation rates,  
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Fig. 3. USRP-N210 architecture. 
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and many daughter boards that act as RF front-ends. The PC 
interface to the USRP-N210 is achieved using Gigabit Ethernet, 
which enables the user to realize full-duplex real-time of    
50 MS/s bandwidth [17]. 

This paper targets the RFX2400 daughter board. It is capable 
of generating frequencies in the industrial, scientific, and 
medical bands (2.3 GHz to 2.9 GHz) with a 50 mW output  
(17 dBm) [5]. 

The software platform utilized in this research work is GNU 
Radio. It is a free, open-source integrated development 
environment that provides signal processing to implement 
SDR prototypes. The GNU Radio functions are primarily 
written in the programming language Python, while the 
performance-critical signal processing tasks are implemented 
in C++. GNU Radio also supports a GUI, called GRC [3]. The 
proposed SDR FH sequence generation block is developed 
using the GRC. 

V. Results and Discussions 

To evaluate the proposed algorithm, we carried out an 
experimental evaluation under two scenarios. The first scenario 
(Scenario-1) quantitatively evaluates the proposed algorithm 
by conducting several experiments that measure the attained 
hopping rates. The second scenario (Scenario-2) evaluates the 
proposed algorithm by comparing the attained results to other 
works. 
 The goal of this paper is to attain higher FH rates rather than 
implementing a complete FH system. This goal is achieved by 
reducing the tuning time for generating every single hop 
frequency. Therefore, in Scenario-1, we build a simple SDR 
FH transceiver to assess the functionality of the developed 

GRC block as well as the underlying algorithm. The 
specifications of this SDR FH transceiver are as follows: 
▪ Simple tone transmission using NCO and a look-up table 

with m tones. 
▪ These m tones are separated by 1 MHz. 
▪ The hopping rate equals k hops/second. 
▪ The utilized frequency band is 2.3 GHz to 2.9 GHz. 
▪ At the receiver, an FM-to-AM demodulation scheme is 

applied. 
Here, m and k are manually configured parameters for each 
experiment. A loopback testing methodology is used to verify 
the functionality of the proposed algorithm and GRC block, 
whereby the aforementioned FH transceiver is implemented 
using a single USRP-N210 as both a transmitter and a receiver. 
The GRC FH generator is configured to produce m hops at a 
hopping rate of k hops/second. 

In the first experiment, we configured the parameters m  
and k of the FH transceiver to 79 frequency hops and        
2,000 hops/second, respectively. The output of the experiment 
is shown in Fig. 4. The horizontal axis of Fig. 4 represents time, 
while the vertical axis represents the level of the 
transmitted/received signal, which implicitly expresses the 
different transmitted/received frequency hops. Channel      
1 (CH1) represents the transmitted signal (blue), while channel 
2 (CH2) represents the received signal (green). Figure 4 clearly 
shows that the received FH sequence (CH2) is closely matched 
to the transmitted FH sequence (CH1). Thus, the experiment 
succeeds to generate an FH sequence with a hopping rate of 
2,000 hops/second.  

In the second experiment, we attempt to reach higher 
hopping rates. Hence, we configured m and k to be five 
frequency hops and 5,000 hops/second, respectively.  
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Fig. 4. Results of SDR FH transceiver with a sequence of 
79 frequency hops at 2,000 hops/second.  

 

 

Fig. 5. Results of SDR FH transceiver with a sequence of five
frequency hops at 5,000 hops/second.  

 
Figure 5 demonstrates that the implemented SDR FH 

transceiver successfully recovers the transmitted FH sequence 
at the receiver. When we tried to increase the number of hops 
per sequence to more than five hops, the GNU showed the 
symbol “U” on the GRC scope, which means an “under-run.” 
The under-run symbol indicates that the PC is not providing 
data quickly enough to the USRP4). Since the goal of this 
research is to realize an FH system with high hopping rate, we 
conducted an experiment with a sequence of five hops. 

Scenario-2 evaluates the proposed algorithm by comparing 
the attained results to other works. There is no research work 
for improving the frequency tuning time of a USRP/UHD 
under an SDR platform. In addition to the previously discussed 
research work in Section I-1, we thoroughly studied four other 
papers regarding an SDR realization of FH systems using an  

                                                               

4) The USRP under 1.5X Magnifying Lens! [online] available: http://gnuradio.org/redmine/ 

attachments/download/129 

 

Fig. 6. Results of SDR FH system with sequence of five 
frequency hops using Auto-Auto option at: (a) 
500 hops/second and (b) 1,000 hops/second. 

(a) 

(b) 

 
 
USRP. These papers implemented an FH system either as a 
particular goal, such as in [21] and [22], or as a partial goal, 
such as in [23] and [24]. The common goal among these 
papers was to realize an SDR-based FH system. Consequently, 
achieving high hopping rates was not an objective for the 
authors of these four papers. Thus, the four papers utilized the 
default UHD frequency tuning option, which is the Auto–Auto 
option. As such, to compare our proposed algorithm to these 
aforementioned four papers, we conducted two experiments 
using the same SDR FH transceiver of Scenario-1. In these 
experiments, the Auto–Auto option is used instead of our 
proposed algorithm. In the first experiment, the m and k 
parameters of the SDR FH transceiver are set to five frequency 
hops and 500 hops/second, respectively. Figure 6(a) shows the 
results of experiment-1. It is clear that the transmitted sequence 
is successfully recovered at the receiver. The second 
experiment sets the m and k parameters of the SDR FH 
transceiver to five frequency hops and 1,000 hops/second, 
respectively. The results of the second experiment are shown in 
Fig. 6(b). The results of this experiment clearly show that the 
transmitted sequence is not correctly recovered. 

The results of the two experiments demonstrate that the 
maximum hopping rate that can be achieved using the default 
Auto–Auto option is less than 1,000 hops/second, which 
reinforces the need for our proposed algorithm (which allows 
the realization of FH systems with a hopping rate of up to 
5,000 hops/second). 
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VI. Conclusion 

FH is a significant phase in many SDR applications. 
Designers are persistently aiming to increase hopping rates to 
improve the performance in multipath and fading channels. 
Therefore, FH poses special challenges to SDR 
implementations because a frequency synthesizer has to hop 
from one frequency to the next, settle, and then communicate 
within a minimal amount of time.  

This paper proposed an improved SDR frequency tuning 
algorithm that adapts the tuning option to the target frequency 
span. The proposed algorithm reduces the level of dependency 
placed upon the daughter board, because of its relatively high 
tuning time. Consequently, the proposed algorithm improves 
the frequency tuning time, allowing for higher hopping rates. 
We accomplished a GRC block for FH generation under which 
the proposed algorithm is applied. An SDR transceiver utilizing 
the developed GRC block for FH sequence generation is 
implemented to verify the functionality of the proposed 
algorithm. The results show that the improved SDR frequency 
tuning algorithm achieves higher hopping rates of up to  
5,000 hops/second; the default UHD tuning option (Auto-
Auto) maximally reaches a hopping rate of less than     
1,000 hops/second. 

As future work, we intend to extend our research to cover 
other daughter boards such as the SBX and WBX. 
Furthermore, other SDR platforms should be investigated from 
the perspective of the tuning time. 
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