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Abstract—In wireless networks, mobile nodes with lim-
ited power budget must rely on multi-hop transmissions
so as to achieve reliable communication with a distant
peer device. Hence, it is of paramount importance to study
the characteristics of wireless transmission over multi-
hop links and its benefits over single-hop communication.
In this work, a simulator is developed to assess the bit
error rate (BER) performance of multi-hop, multi-carrier
communication systems. The channel model used in the
simulator is developed based on the channel statistics
obtained through indoor channel measurements performed
using the universal software radio peripherals (USRPs).
As the bandwidth supported by a USRP device is much
smaller than the channel bandwidth of interest, we use
a frequency domain approach to measure the impulse
response of wide band channel. By using the channel
measurements, we show the impact of communication
distance on the delay spread and coherence bandwidth
of the channel. Our simulation results with orthogonal
frequency division multiplexing (OFDM) systems show that
the BER performance of multi-hop communication is better
than the single-hop communication. The BER performance
difference between the two cases becomes more significant
for wider subcarrier frequency spacing.

Index Terms—channel estimation, device-to-device,
multi-hop, USRP.

I. INTRODUCTION

Device-to-device (D2D) communication has recently
received significant interest due to its potential benefits
to achieve higher throughput and offer proximity based
services [1], [2]. As a technology component of ongoing
LTE Rel-12 standardization, it is also considered an
important enabler for public safety communication as
it can be deployed rapidly with or without fixed infras-
tructure [3]. In general, the devices of a D2D network
are battery powered and have stringent transmit power
requirements. Therefore, the devices can benefit from
multi-hop communication with the peer devices acting
as relay nodes. In such a multi-hop network, the devices
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Fig. 1. Illustration of multi-hop communication.

can communicate with one another over a much larger
geographical area.

Consider a D2D scenario as illustrated in Fig. 1
where the device D1 may communicate with D4 directly
through single-hop transmission or through multi-hop
transmission by using D2 and D3 as relay nodes. With
transmit power control in the devices, the signal to noise
plus interference ratio (SINR) at all the receivers are
assumed to be constant. Then, the area of the large blue
circle can be intuitively thought of as the power spent by
D1 to communicate with D4. With this intuition, in the
multi-hop case, the total area of the three small orange
circles is smaller than the large blue circle. Thus, the
total power spent in multi-hop case is smaller than that
of the single-hop case. Moreover, larger coverage circle
of D1 in single-hop case indicates higher interference
caused to other devices. Therefore, multi-hop communi-
cation minimizes the interference while the devices can
achieve longer distance communication.



Fig. 2. System setup for channel measurements.

Today, a vast majority of wireless communication
technologies such as WiFi and LTE, use orthogonal
frequency division multiplexing (OFDM) in which the
coherence bandwidth and Doppler spread of the channel
are critical parameters. These parameters help in the
dimensioning of the parameters of OFDM systems. Such
parameters include the subcarrier frequency spacing,
symbol duration, and cyclic prefix duration. In indoor
channels, the Doppler effect can be considered negligible
due to the low mobility of devices. To assess the perfor-
mance of multi-hop communication in a D2D scenario,
studying the channel impulse response (CIR) is impor-
tant. Most of the channel measurement implementations
in the literature make use of expensive equipment such as
vector network analyzer, spectrum analyzer, and spread
spectrum channel sounder as in [4] and [5]. On the other
hand, the recently introduced universal software radio
peripheral (USRP) platform provides an inexpensive
solution to perform the channel measurements while
providing a flexible solution due to its small form factor.

Channel sounders are implemented in [6]-[8] using
USRPs with GNU Radio software platform. In [6]
and [7], pseudo-random sequences are used for chan-
nel sounding. However, the temporal resolution of the
estimated CIR is limited by the smaller bandwidth of
USRP. In [8], a frequency domain channel estimator is
implemented in which the carrier frequency is swept
across a wide band channel to get a better temporal
resolution of the estimated CIR.

The main contributions of this paper are: 1) to de-
velop a frequency domain wide band channel estimation
method using the USRP platform that supports smaller
bandwidths (20 MHz) when compared to the channel
bandwidth of interest, 2) to perform channel measure-
ments with different distances between the transmitter
and the receiver, and determine channel statistics such as
path-loss, mean excess delay, root mean square (RMS)
delay spread, and coherence bandwidth, 3) to build an
empirical channel model as a function of distance by
using the measured channel statistics, and 4) to incor-
porate the developed channel model into the multi-hop
simulation model for evaluating the bit error rate (BER)
performance of multi-carrier systems. In the multi-hop

simulation model, two devices separated by a distance
d communicate with each other in single-hop and two-
hop scenarios. Using OFDM, the resulting average BERs
with single and two-hop cases are compared for different
distances and subcarrier frequency spacings.

II. CHANNEL SOUNDING METHOD WITH USRPS

Two USRP devices from National Instruments [9] are
used in the setup as shown in Fig. 2. Each USRP is
controlled by a host PC and the transmitter and receiver
operations are developed using Labview software. A
transmitted signal is attenuated, delayed, phase shifted,
and gets corrupted with noise as it travels through the
channel. The signal received by the RX USRP exhibits
fading effects due to multi-path propagation.

A. Channel Sounding Approach

Channel sounding is done by transmitting N narrow-
band sinusoidal signals that are regularly spaced (∆f )
in the frequency domain as illustrated in Fig. 3. Since
the bandwidth of USRP is smaller than the channel
bandwidth, the carrier frequency fci is swept across the
channel bandwidth in N discrete steps, i = 1, 2, .., N .
At each frequency step, a complex DC base-band signal
frame consisting of 1000 samples is sent to the USRP.
The USRP upconverts the DC signal to the carrier
frequency fci.

Fig. 3. Aggregated spectrum of all the sinusoidal signals.

The receiver initially sets the carrier frequency to fC1

and after receiving each frame, increments the carrier
frequency by ∆f . In this way, the carrier frequency
sweep process at the receiver is synchronized with the
transmitter. At each frequency step, beginning of the
signal frame is identified via threshold detection of
the received signal power. When a frame is detected
and captured, it is downconverted to the base-band and



sent to the host PC. Carrier frequency offset and phase
offset corrections are performed at the host PC to obtain
the complex DC signal whose magnitude and phase
represents the channel response at frequency fci.

B. Synchronization, Sweep Rate, and Calibration

At the receiver USRP, robust algorithms should be
used to track the transmitter carrier frequency during the
frequency sweep process as the transmitter and receiver
USRPs use different timing references. We used power
threshold detection method at the receiver’s host com-
puter to detect the signal. For longer distances between
the transmitter and the receiver, dynamic range of the
received power increases over the frequency band and
the signal power may not be detected at some frequencies
due to deep fades. In those cases, synchronization using
the timing reference at the hardware level is reliable
than using the host computer. Therefore, programming
the FPGA in USRP to periodically change the carrier
frequency can improve the sweep rate significantly. This
method along with the power threshold detection of
signal can improve the synchronization.

The transmitter power and receiver gain of the USRPs
vary with the carrier frequency and are not calibrated.
It is necessary to know these values to accurately esti-
mate the amplitudes of received impulse response and
for path-loss calculations. We used the Mixed Domain
Oscilloscope to find the USRP transmit power and USRP
receiver gain in the frequency band of interest.

C. Extracting Multipath Channel Parameters

After capturing all the frames in a sweep, the magni-
tude and phase values at all the frequencies are aggre-
gated to form the frequency response of the channel.
Then, computing the inverse fast Fourier transform
(IFFT) will provide the CIR h[n] = h(nTs), where
Ts = 1/(N∆f) is the sample period and n is the
discrete time index. With K CIR measurements, the
average power delay profile (PDP) can be obtained by,
PDP [n] = 1

K

∑K
k=1 |hk[n]|2. The mean excess delay

and RMS delay spread can be respectively evaluated as

τ =

∑
∀n

n Ts PDP [n]∑
∀n

PDP [n]
, τ rms =

√
τ2 − (τ)2, (1)

where

τ2 =

∑
∀n

(n Ts)
2 PDP [n]∑

∀n
PDP [n]

. (2)

Using the RMS delay spread, channel coherence band-
width can be approximated as Bc ≈ 1/(5 τrms) [10].

III. CHANNEL PROPAGATION MODELING

The impact of large scale propagation effects on the
received signal are captured by path loss (PL) and
shadowing models, while the small scale propagation
effects are captured by channel impulse response model.

A. Path loss and shadowing models

We model the average PL at a distance d from the
transmitter as,

PLdB(d) = PLdB(d0) + α 10 log10(d/d0), (3)

where, α is the path-loss exponent and PLdB(d0) is the
PL at a reference distance d0 = 1 m from the transmitter.
Using the curve fitting tool in Matlab, we find the value
of α that provides a best fit of (3) to the measured
average PL values. The measured average PL values with
respect to d0 can be obtained using

PL
meas

dB (d) = PL
meas

dB (d0) + 10 log10

(
Erx0

Erx(d)

)
, (4)

where, Erx(d) and Erx0 are the total energies received
from all the multi path components (MPCs) at distances
d and d0, respectively. These energies can be determined
using the measured PDPs as Erx(d) =

∑
∀n PDP [n].

Shadow fading is modeled using a log-normally dis-
tributed variable with zero mean and standard deviation
σ. We denote this variable in decibel scale as Xσ ∼
N (0, σ). The σ is assumed to be independent of d and
its value can be found by fitting the Gaussian PDF to
the histogram of the measured samples.

B. Channel impulse response model

Theoretically, the CIR h(t) is composed of an infinite
number of MPC arrivals, which can be expressed by

h(τ) =
∞∑
i=1

aie
jϕiδ(τ − τi), (5)

where, τi denotes the delay of the ith arrival in prop-
agation between the transmitter and the receiver. The
ai and ϕi ∼ U [0, 2π] [11] represent, respectively, the
amplitude and phase shift of the ith arrival. It is possible
to completely determine the PDP by a set of samples
spaced by ∆τ = 1/W , where W is the bandwidth of
the channel [12] (i.e., τk = k/W, k = 0, 1, 2, . . .). Each
sample in the set is the power of all MPCs arrived during
the delay bin ∆τ . Then, the PDP can be expressed as,

p̃(τ) =

∞∑
k=1

p̃kδ(τ − τk), (6)

where, p̃k is the power contained in the kth bin. The
total energy in the PDP of (6) is normalized such that



∑∞
k=1 p̃k = 1. With this approach, pk (in dB) for LOS

case can be given as [13]

pk =

{
C k = 0,

Q+ r − β τk
τrms

+ sk k > 0,
(7)

where, Q is the normalizing factor that makes the sum
of all p̃k’s equals to unity, r is the difference between the
power of second MPC and the power of first MPC which
can be modeled as a Gaussian distribution with mean µr

and variance σr, and β is the power decay coefficient of
the MPCs in the PDP. The RMS delay spread τ rms is
used as a normalizing factor, so that β is dimensionless.
The variable sk accounts for the random variations in
PDP which can be modeled as a Gaussian distribution
with zero mean and variance σs.

The random variable C is the power of the first MPC
in PDP that can be modeled as

C = C0 − γc log10(d) + ϵc, (8)

where, C0 is the average power of the first MPC at the
reference distance d0, γc is a coefficient that accounts
for the power decay of the first MPC with distance d,
and ϵc is a zero mean Gaussian random variable with
variance σc.

The power decay coefficient β in (7) is modeled as

β = β0 − γ log10(d) + ϵ, (9)

where, β0 is the average decay of PDP at the reference
distance, γ is a coefficient that accounts for the power
decay of first MPC with distance d, and ϵ is a zero mean
Gaussian random variable with variance σϵ.

IV. MEASUREMENT AND SIMULATION RESULTS

A. CIR Measurements

Using the channel sounding method described in Sec-
tion II, CIR measurements of a 100 MHz channel were
conducted in an indoor office environment for different
line of sight (LOS) distances (10 m–27 m) between the
transmitter and the receiver USRPs. For each distance,
K = 100 CIR measurements were recorded. Fig. 4
shows the base-band equivalent CIR and frequency re-
sponse measurements for a distance of 21 m. Fig. 5
shows the average PDP evaluated using the 100 CIR
measurements at d = 21 m.

Using the measured CIRs, the calculated mean excess
delay, RMS delay spread and coherence bandwidth of the
channel are shown in Fig. 6 as a function of distance. It
can be observed that the RMS delay of channel increases
with increase in the distance, causing the coherence
bandwidth to decrease significantly.
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Fig. 4. Overlaid measurements of base-band equivalent (a) channel
impulse responses; and (b) channel frequency responses; at a distance
d = 21 m from the transmitter.
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Fig. 5. Average PDP of the channel for d = 21 m.
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Fig. 6. Mean excess delay, RMS delay spread and coherence band-
width of the channel.

B. Channel Modeling Parameters

Fig. 7 shows the measured average PL as a function of
10 log10(d) and the best line fit to the measured values.
The best line fit was produced using (3) with α = 1.66
and PLdB(d0) = 43.42 dB. The α is observed to be less
than the free-space path loss exponent αFS = 2. This
could be due to walls of the corridor being close to each
other that may cause strong reflections and refractions,
as also reported in [14] for LOS scenarios.

The shadow fading model can be generated as de-
scribed in Section III-A by finding the standard deviation
of shadowing variable Xσ that best fits the Gaussian
distribution to the histogram of the measured samples
that include all distances and CIR measurements. Fig. 8
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Fig. 7. Measured average path loss and the best line fit for different
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Fig. 8. Histogram of the shadowing variable Xσ and the best fitting
Gaussian distribution.

shows the histogram and the best fitting Gaussian distri-
bution with σ = 0.117 dB. This value of σ is close to
the value obtained in [15] for an indoor scenario with a
LOS link between the transmitter and the receiver.
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Fig. 9. Histogram of r and the best fitting Gaussian distribution.

Combining the path loss and shadowing models, the
large scale fading can be expressed as,

PLdB(d) = PLdB(d0) + 16.6 log10(d/d0) +Xσ.
(10)

With reference to (7), the histogram of r which
represents the difference between the power of sec-
ond MPC and the power of first MPC is shown in
Fig. 9. The best fitting Gaussian distribution is with
the mean µr = −16.47 dB and standard distribution
σr = 0.38 dB. For sk in (7), the histogram and the

TABLE I
PARAMETERS OF CHANNEL MODEL

Parameter Value

α 1.66
σ 0.12 dB
PLdB(d0) 43.42 dB
C0 −56.62 dB
γc 21.91
σc 0.026
β0 −0.64
γ 0.90
σϵ 0.0052
σs 29.48 dB
µr −16.47 dB
σr 0.38 dB

best fitting Gaussian distribution with σs = 29.48 dB
are shown in Fig. 10. Similarly, other parameters of
the channel model are found through regressions using
(8) and (9), and Table I shows the extracted values of
all the parameters. Using these parameters, our channel
model is validated in Fig. 11, where the simulated PDP
samples are compared with the measured PDP samples
for different distances.
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Fig. 10. Histogram of sk and the best fitting Gaussian distribution.
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C. Multi-hop versus Single-hop Performance

The simulation setup for multi-hop communication
is illustrated in Fig. 12. Devices in the simulation use
OFDM to communicate over the channel modeled in
this paper, with the model parameters as summarized
in Table I. The transmitter can communicate with the
receiver over a relay node with two-hops, or directly with
a single-hop by transmitting with higher transmission
power. By using transmit power control, the received
powers at the relay and receiver nodes are assumed
to be identical for both single-hop and two-hop cases.
On the other hand, the channel selectivity characteris-
tics of single and two-hop scenarios will be different
due to different communication distances. Our goal is
to investigate the system-level impact of the channel
selectivity characteristics on single-hop and multi-hop
communications.

Fig. 12. Multi-hop communication.

Simulations are carried out for three different dis-
tances (50, 75, 100 m) between the TX and RX in
Fig. 12, each with three different subcarrier frequency
spacings (60, 80, 100 kHz). The number of subcarriers is
fixed to 64, fifty two of which are the active subcarriers.
With this simulation setup, we try to analyze how the
distance and the OFDM subcarrier spacing affect the per-
formance of multi-hop and single-hop communications.

The results that capture the detrimental effects of
higher frequency selectivity in an OFDM system for
the TX-RX link are shown in Fig. 13. From this fig-
ure, we can clearly see that multi-hop communication
yields a lower BER for a channel with lower frequency
selectivity. Accordingly, the BER difference between the
single-hop and two-hop cases increases with increasing
subcarrier frequency spacing. Nonetheless, Fig. 13 shows
that multi-hop communication reduces the BER for all
frequency spacing.

V. CONCLUDING REMARKS AND DISCUSSION

In this paper, we have performed channel impulse
response measurements in an indoor office environment
by using USRPs. A frequency domain channel sound-
ing method is employed to characterize a wide-band
channel of bandwidth greater than the USRP supported
bandwidth. The channel measurement data is utilized to
determine the large-scale and small-scale statistics of the
channel, using which, a channel model is developed. Us-
ing this channel model in a multi-hop D2D simulator, we
have analyzed the BER performance of single-hop and
two-hop communication scenarios with respect to the
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distance between the source and destination nodes. Our
simulation results show that the two-hop case provides
significant improvement in the BER performance when
compared to the single-hop case.
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