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Abstract. Current digital packet-switching communications involves more 

cross-layer trade-offs than legacy wireless communications. Conventionally, 

each network layer is studied separately, and then the total system is evaluated 

in field tests. However, the results are always specific to the particular 

environmental conditions during the test and are not reproducible. Here we 

propose an architecture for an environment-independent virtual wireless 

testbed. We describe the implementation and validation results for a 

programmable wireless propagation emulator—the key component of the 

testbed. It was found that the system could emulate wireless propagation over at 

least 10 wireless nodes in real time using 10 field-programmable gate arrays 

with programmable parameters consisting of the channel model, path loss 

model, antenna model, and emulation scenario. Thus, the system is promising 

as a replacement for conventional field tests. 
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1 Introduction 

Today, digital broadband communication systems often rely on a combination of 

wireless and wired network technologies. Furthermore, systems are rapidly switching 

from single-purpose (such as voice specific) to general-purpose (IP) services by 

adopting packet switching. These packet-switching systems employ more cross-layer 

collaboration than conventional networks, such as TCP retransmission for quality of 

service (QoS) control and Mobile IP for transparency. 

Conventionally, the wireless layer is evaluated without taking into consideration 

the upper-layer protocols, which are largely evaluated with wireless simulators or 

specific existing wireless technologies (i.e., LTE, Wi-Fi, or Wi-MAX). Therefore, a 

comprehensive evaluation of any new network technology requires a complete field 

test. However, the results of any field test are always specific to the environmental 

conditions during the test (geographic location, physical specifications, MAC, link-

layer protocols, radio licensing terms, etc.) and are therefore not easy to reproduce.  

Here we describe an environment-independent virtual wireless testbed that is fully 

programmable, from the physical layer to the application layer, and can interface with 

external network devices in real time while allowing easy reproducibility. In this 

section, we describe the current state of today's wireless testbed and the advantages of 
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an environment-independent system. Then, in Sections 2 and 3, we describe the 

proposed architecture and an implementation of the main component, the 

programmable wireless propagation emulator. Section 4 presents the results of an 

evaluation of the emulator, and Section 5 lists our conclusions. 

1.1 Current State of the Art 

In the field of network research, several wireless testbeds have been developed, but 

none allow complete environment-independent evaluation without a field test. 

GNURADIO [1], for example, is a software-defined radio (SDR) that provides 

programmable capability for the PHY and MAC layers. However, it has specific RF 

units. This necessitates the use of a propagation simulator or a field test for total 

evaluation. The ORBIT Radio Grid Testbed [2] provides an evaluation environment 

for upper-layer protocols such as for mesh networks comprising established 

IEEE802.11 wireless LANs and IEEE802.16 Wi-MAX stations on a grid. However, 

only a fixed environment is provided for path loss and delay spread, and the lower 

network layers (MAC and PHY) are not reconfigurable. In addition, the CMU 

wireless emulator [3] includes a digital signal processor (DSP) for user-defined 

propagation between specific wireless units in real time, but it does not include 

wireless radios.  

Thus, the existing wireless testbeds are restricted to particular environments 

(propagation, channel, etc.), device characteristics (frequency, power, 

modulation/demodulation, antenna, etc.), and upper-layer protocols (multiplex, 

duplex, packet congestion control, etc.). The consequences of these restrictions are 

quite significant in practice. For example, we spent much time and money to test a 

high-speed hand-over protocol over Wi-Fi at an actual motor sports course with a 

professional driver and a racing car. However, this only demonstrated the 

performance under a particular set of conditions (2.4 GHz, DSS, single vehicle, and 

closed-circuit environment). If we needed to perform the same evaluation using 

different preconditions (OFDM, 5.8 GHz, multiple vehicles, etc.), we would have to 

spend the same amount of resources again.  

1.2 Advantages of Virtual Wireless Testbed 

The proposed environment-independent virtual wireless testbed is fully programmable 

from the physical layer to the application layer and can interface with external network 

devices in real time for easy reproducibility. Because of the wide adaptability of the 

proposed architecture, there are numerous prospective uses with no regulatory 

limitations. This will allow users to evaluate their own new concepts without requiring 

radio licenses and test fields. The use case shown in Fig. 1 is one possible example. The 

testbed is a typical use case of network virtualization.  

Most new ideas on the future of the Internet are evaluated over the testbed that has 

been deployed over a layer provided by virtual technologies.  
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The adaptivity of the virtual network provides an effective evaluation environment. 

However, only the wireless part depends on particular technologies.  

Therefore, we hope to use this virtual wireless testbed as part of a virtual network 

that provides network service functions such as flow control, mobility control, and 

authentication.  

For example, with a heterogeneous network system with a different wireless network, 

a user can configure each wireless node to employ different wireless technologies. In 

addition, the propagation environment is also programmable; this makes it easy to 

evaluate systems in different environments such as urban, rural, and indoor settings. 

Although this system does not dispense with all experimental tests, the user can 

reproduce the experimental environment by inputting the data gathered during the 

experiment. In addition, and most importantly, the user only needs to program or 

configure the target part to be evaluated—all other parts would be described by ideal 

parameters. For example, if a user wants to evaluate a new concept for an antenna, it is 

only necessary to program the antenna characteristics, while selectable predetermined 

values are provided for all of the other layers: PHY, MAC, LINK, and transport. 

  

Fig. 1. Prospective use case for proposed virtual wireless testbed 

2 Proposed Architecture 

As shown in Fig. 2, the proposed testbed incorporates a scenario generator, several 

reconfigurable wireless nodes, and a programmable wireless propagation emulator. 
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Fig. 2. Architecture of environment-independent virtual wireless testbed 

2.1 Scenario Generator 

The scenario generator provides the user interface, allows resource management 

(setting/selecting parameters and scenarios), and calculates the dynamic propagation 

scenario that would be executed by the emulator. A commercial off-the-shelf personal 

computer is used as the scenario generator. 

2.2 Wireless Nodes 

The wireless nodes, as shown in Fig. 3, are implemented on field-programmable gate 

arrays (FPGAs) and provide a fully reconfigurable PHY, MAC, and Frontend (roll-off  
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Fig. 3. Reconfigurable wireless node 

filter, AGC, etc.). In addition, they incorporate an embedded computer, which is used 

for the Link or higher-layer control. For a virtual network, a user may also implement 

a virtual host on this embedded computer. 

2.3 Programmable Wireless Propagation Emulator 

As shown in Fig. 4, this system emulates the propagation path between wireless 

nodes. The channel and path loss models are implemented using a finite impulse 

response (FIR) filter on FPGA hardware. All wireless propagation behavior can be 

described as a combination of delay, amplitude, and phase. The channel model is 

implemented with a seven-tap FIR that also emulates frequency-selective fading. The 

multiplication value (Kn and dn in Fig. 4) for the signal is calculated beforehand using 

the scenario generator, and the values are updated based on the time and the user-

defined scenario. All the wireless nodes are connected to each other through this 

propagation emulator using I/Q complex signals. Therefore, 2n − n( ) propagation 

paths are required for this propagation emulator.  

 

Fig. 4. Programmable wireless propagation emulator 
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3 Implementation of Programmable Wireless Propagation 

Emulator 

We implemented the scenario generator and programmable wireless propagation 

emulator for 10 wireless nodes. The scenario generator was implemented in software 

on a Linux system, and the programmable wireless propagation emulator was 

implemented using a hardware board that integrates FPGAs. Gigabit Ethernet 

connects the scenario generator and programmable wireless propagation emulator, as 

shown in Fig.5. 

Fi 5 S i
 

Fig. 5. System overview 

3.1 Scenario Generator  

The scenario generator software comprises the following components: 

3.1.1  GUI 

We implemented the entire user interface in Adobe Flash and PHP, and considered 

system sharing. This GUI provides a user-friendly interface that shows the scenario 

behavior and all the parameters of the wireless nodes. 

3.1.2  Propagation Characteristics Generation 

The scenario generator calculates the propagation fluctuation parameter using the 

conditions provided by the user through the GUI. The implemented prototype 

supports the configurable conditions for the propagation path shown in Table. 1. 
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Table 1. Configurable conditions 

Path loss model Channel ITU-R M.1225 Fading Model Antenna 

Two-way ray Indoor A/B Classic Isotopic 

COST-231Hata Pedestrian A/B Flat Dipole 

 Vehicular A/B User defined ITU-R M.2135 

 PDSekm  ITU-R M.1245 

 User defined  User defined 

3.1.3  Path Loss Calculation 

The scenario generator calculates the path loss between nodes using the conventional 

formulas described in the following. In the case of the two-ray model, the path loss is 

given by (1) for sufficiently short distances and by (2) otherwise. 

L = 20log10

4πd

λ





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                    (1) 

L = 40 log10 d( )− 20 log10 ht( )− 20 log10 hr( )              (2) 

For the COST-231 Hata model, the path loss is given by 
 

L = 46.3+ 33.9log( f )−13.82log(ht )−a(hr )+ 44.9−6.55log(ht )[ ]log(d)+ 3

a(hr) = (1.1log( f )−0.7)hr − (1.56log( f )−0.8)

 (3) 
 

where L represents the path loss in decibels; d represents the distance, λ represents the 

wavelength, and ht and hr are the antenna heights all in meters; and f denotes the 

frequency in megahertz. 

3.1.4  Fading Calculation 

The scenario generator calculates the vector data for the Rayleigh fading wave r(t) as  
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(4) 

where d is the maximum fading frequency in hertz and N1 is the number of FIR taps. 
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3.1.5  Emulation Scenario 

The emulation scenario is defined by the time and location (x, y, z, and azimuth) of the 

wireless nodes using the GUI, as shown in Fig. 6. The scenario generator calculates the 

time-based fluctuation of the propagation using the process described above. 

Fig. 6. Emulation scenario GUI 

3.2 Programmable Wireless Propagation Emulator 

The programmable wireless propagation emulator was implemented in hardware 

using 10 FPGAs (Vertex-6 XC6VLX130T, 1156 pin, 200 MHz). We implemented 

this 10-node capability in the virtual wireless space with a 49% slice, 74% DSP, and 

60% RAM consumption. 

After calculating the vector data of the path loss and channel model using the 

scenario generator, the data were transferred to the programmable wireless 

propagation emulator over Gigabit Ethernet. The programmable wireless propagation 

emulator operates in real time by combining the delay memory and complex 

multipliers, as shown in Fig. 7. 

In this proposed architecture, 215 adders and 360 multiplexers emulate wireless 

propagation with 200-MHz clocks. In addition, the required number of I/O pins P 

between the wireless nodes and propagation emulator is given by 
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P = n × N × k                                (5) 

where n is the number of wireless nodes, N is the bit depth or signal resolution, and  

k = 4 (I,Q, +,-). 

In other words, the scalability of the proposed architecture depends on the clock 

speed of the FPGA, signal resolution, and the number of I/O pins.  

  

Fig. 7. Block diagram of programmable wireless propagation emulator 

4 Evaluation of Programmable Wireless Propagation Emulator 

We evaluated the accuracy, process delay, and behavior of the implemented 

programmable wireless propagation emulator. In this section, the evaluation 

methodology is explained first, and then the results of the evaluation are described. 

4.1 Evaluation Methodology 

Here we used existing legacy radio measurement equipment such as a spectrum 

analyzer, signal generator, and commercial Wi-Fi products. Because the 

programmable wireless emulator only had digital I/Q interfaces, it was not amenable 

to visible inspection. Therefore, we employed analog-digital (A/D) and digital-analog 

(D/A) converters for use between the measurement equipment and programmable 

wireless emulator. In addition, the throughput was measured with iPerf on a personal 

computer connected to the both ends of the wireless LAN device. 

4.2 Path Loss Characteristics  

We measured the throughput between 2.4-GHz wireless LAN access points (AP) and 

stations (STA) using the emulator and an RF attenuator, as shown in Fig. 8. The 
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results of this measurement showed that differences exist between the emulator and 

RF attenuator, as pointed in Fig.9. 

The difference in the low-attenuation range is caused by saturation of the analog 

circuit, and the difference in the high-attenuation range is caused by noise in the 

analog circuit. As a result, we confirmed that the implemented emulator can replace 

the RF circuit in adding attenuation to the signal path with the desired scenario but 

does not have the characteristics of analog circuits. Further, we confirmed that the 

accuracy of attenuation to a static signal was +/- 1.0dB in comparison to the RF 

attenuator. In addition, the signal delay of the emulator was confirmed to be only 1 µs 

by pulse reply. 

 
 

Fig. 8. Measurement scheme for path loss characteristics 

 

Fig. 9. Throughput for path loss 

4.3 Desired/Undesired Signal Characteristics 

We measured the desired/undesired (D/U) ratio at 10% outage throughput of a wireless 

LAN link with an added undesired CW or OFDM signal, as shown in Fig. 10. From the 
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measurement results shown in Fig. 12, we see that the D/U characteristics over the 

emulator and RF attenuator are in close agreement. In addition, it was confirmed that the 

emulator added signals with different propagation paths. 

  

Fig. 10. Measurement scheme for D/U signal ratio 

 

Fig. 11. D/U signal ratio over programmable wireless propagation emulator 
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4.4 Fading Signal Characteristics 

Using the same measurement scheme as that shown in Fig. 10, we added a particular 

fading channel model to the wireless LAN link between the AP and STA. By 

monitoring the signal at port 4, we confirmed that a signal occurred over the 

propagation path, as shown in Fig. 13. 

 

Fig. 12. Fading effect: flat/classic 

4.5 Dynamic Emulation of Moving Station 

We programmed a vehicle scenario in which the distance between two wireless nodes 

increases and decreases with time. We then measured the attenuated signal level with 

the CW signal as shown in Fig. 14 and Fig. 15.  

 

Fig. 13. Signal output level for vehicle scenario with two-way ray model 
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Fig. 14. Signal output level for vehicle scenario with COST-231 Hata model 

4.6 Error Vector Magnitude Measurement 

We measured the internal effect on the error vector magnitude (EVM) using an ideal 

OFDM signal. Table 2 lists the measured EVM data for the original signal and the 

signal after passing through the emulator path shown in Fig. 16. As seen from these 

measured data, the EVM indeed degraded. However, it is reasonable to assume that 

these changes were caused by the characteristics of the analog conversion because the 

emulator performs only digital operations, and the typical digital operation error is not 

as small as that measured. In addition, the results showed that there was no significant 

quality change that would violate the IEEE802.11 standard. 

 

Fig. 15. EVM through programmable wireless propagation emulator 
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Table 2. EVM of programmable wireless propagation emulator 

Item Measurement point Difference Unit IEEE802.11 
Limit 

Input Output 

EVM All Carr. 1.03 2.95 +1.92 % 5.62 

-39.76 -30.61 -9.15 dB -25.00 

EVM Data Carr. 1.04 2.98 +1.90 % 5.62 

-39.69 -30.53 -8.84 -25.00 -25.00 

EMV Pilot Carr 0.91 2.57 -1.6 % 39.81 

-40.77 -31.80 -9.46 dB -8.00 

IQ Offset -69.50 -58.08 -11.42 dB -15.00 

Gain Imbalance -0.09 -0.07 -0.02 % - 

-0.01 -0.01 0 dB - 

Quadrature Err. 0.00 -0.04 0.02   

Freq Err -149.13 -152.60 -3.60 Hz +/-48840 

Symb Clock Err. 0.09 -0.03 0.12 ppm +/-20 

5 Conclusions 

In this paper, we proposed an environment-independent virtual wireless testbed 

architecture and reported the implementation of a wireless propagation emulator.  

The results of the actual implementation of the programmable wireless propagation 

emulator showed the following: 

• The wireless propagation emulator emulates wireless propagation with sufficient 

accuracy (±1.0 dB). 

• The emulation delay is small enough for this system to be used as a real-time air 

interface (1.0 µs). 

• The wireless propagation emulator emulates the typical behavior of flat fading and 

frequency-selective fading. 

• Complex vector signals with at least an 85-MHz bandwidth can be emulated 

simultaneously. 

• A 10-node emulator can be realized using existing commercial FPGA products. 

 

The results of this implementation demonstrated that the combination of a scenario 

generator and the propagation emulator is capable of performing propagation 

emulation with wide adaptability. Compared with existing testbeds, the proposed 

programmable wireless propagation emulator can be implemented without depending 

on wireless node characteristics (PHY, MAC, Link, and upper layers). 

The number of I/O pins of the FPGA limits the scalability to a large number of 

nodes because we divided each propagation module into 10 FPGAs. However, a 

greater integration of FPGAs may help solve this scalability problem by reducing the 

number of discrete components. 
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In conclusion, the technical feasibility of the proposed architecture for an 

environment-independent virtual wireless testbed was demonstrated through an actual 

implementation. The performance of the programmable wireless propagation 

emulator was sufficient for real-time applications. The reconfigurable wireless node, 

the last remaining part of the proposed testbed, will be implemented in subsequent 

work. In addition, we intend to evaluate our concept for a fast initial link setup 

protocol, which will be proposed as IEEE802.11ai, using the virtual wireless testbed. 

For IEEE802.11ai, we must evaluate a large number of STA-to-AP connections using 

a vehicle model, which is the typical use case for a virtual wireless testbed. 
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