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Abstract — This paper presents an instrument for real-time emulation of digital
subscriber loop binders. The instrument is based on the accurate description
of the transmission channels characteristics and the binder’s crosstalk envi-
ronment. A key feature of the presented instrument is its ability to support
single and multiple lines. In the multiple lines configuration, the pair-to-pair
crosstalk injection is based on the actual data transmitted over the disturber
lines and is achieved using analytical emulation of the pair-to-pair crosstalk
coupling effects.
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I. INTRODUCTION

The digital subscriber line (DSL) [1] technology is the in-
dustry’s solution to the last mile problem. DSL modems
provide high-speed data communications services over the
twisted-pair cables. In contrast to the voice-band modems,
the transceivers of the DSL modems utilize higher frequen-
cies for data exchange by applying advanced coding and signal
processing techniques, which compensate for the many trans-
mission impairments common to the telephone lines. Due to
the increasing demand for higher data rates and the need for
new broadband services, DSL technology has attracted a lot of
attention over the last years. Several DSL transmission tech-
niques have resulted from the evolution of this technology, e.g.
HDSL, ADSL, SHDSL, VDSL, usually referred under the term
xDSL [1], [2].

Verification and testing of XDSL systems involves transmis-
sion performance measurements over a predefined set of con-
ditions that represent worst-case scenarios in the loop plant.
These scenarios include specific sets of subscriber loops, com-
prising segments of various types with and without bridged
taps, and noise sources that include white thermal noise,
crosstalk noise, radio noise and impulsive noise. References
[3], [4], [5] and [6] enumerate most of the standardized test
loops and noises for evaluating the performance of xDSL sys-
tems.

Measuring the performance of xDSL devices during devel-
opment, is performed using laboratory instruments that con-
sist of line cables and noise injection circuits that simulate the
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aforementioned interfering sources. Figure 1 describes a gen-
eral diagram of such an experimental set-up [1]. Using this set-
up, we can measure the effects of loop attenuation and noise
interference on the performance of XxDSL transceivers in terms
of bit error rate (BER). In order to avoid long coil cables that
complicate the construction of multi-segment loops of differ-
ent cable types, a real-time line emulator can be used. The
line emulator has to provide accurate representation of loop at-
tenuation and of multiple types of interference over a variety
of loop lengths and noise sources, usually via a programmable
environment.

Existing DSL line emulators are either analog or digital [7].
Analog emulators are based on passive networks and active
analog circuitry, which provide reasonable accuracy, but high
component demand and limited flexibility. Digital emulators
usually rely on digital signal processing (DSP) devices and
offer high accuracy and extensibility, i.e. emulation of lines
according to current and future standards using the same hard-
ware platform.

In this paper we present a new digital instrument for real-
time emulation of DSL binders that can be used to test the
performance of xDSL transmission systems over the noise en-
vironment of a binder of subscriber lines from a central office
(CO) to the customer premises equipment (CPE) side. The pre-
sented instrument is based on reconfigurable logic and DSP de-
vices and emulates the loop attenuation and the crosstalk inter-
ference environment [8] of a DSL binder. The loop topologies
under test, along with various types of noise sources are con-
figured using a host based application environment and an in-
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Fig. 1. General measurement setup for XDSL systems.
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ternal database. A key feature of the instrument’s architecture
is its ability to support multiple DSL input lines. In this case,
the emulator introduces the crosstalk noise between the emu-
lated lines based on the real data exchanged over these lines
using analytical pair-to-pair coupling functions.

Section II provides a concise description of the attenuation
and crosstalk environment of the DSL binders. Section III dis-
cusses the emulator’s functionality regarding the instrument’s
configurations for single-line or multi-line emulation as well
as the method used for generating the signal attenuation and
distortion. Finally, Section IV describes the instrument’s ar-
chitecture and gives various implementation details.

II. DSL LOOPS AND NOISE

The twisted pair telephone lines are modeled for frequen-
cies up to 30 MHz by using the well-known two-ports “ABCD”
theory [9]. The ABCD values are related to the line’s primary
parameters of resistance R (2/km), inductance L (¢H/km), ca-
pacitance C (nF/km) and conductance G (Mho/km), which are
frequency dependent and are best determined by measurements
over the frequency band of interest. Reference [6] provides an-
alytical tables with measurement data for typical cables used
in DSL systems. From these primary parameters, we can cal-
culate the line’s secondary parameters of propagation constant
~ and characteristic impedance Zj.

The line’s complex frequency response is determined as the
output to input voltage ratio. For qualification and interoper-
ability testing purposes of xDSL equipment, both ANSI and
ETSI have specified sets of test loops comprising several seg-
ments with or without bridged taps and often of different cable
types. In this case, the subscriber loop is modeled as cascade
of two-port networks and the line’s “ABCD” matrix is defined
as the product of the individual matrices corresponding to each
loop segment. References [3], [4] and [5] specify typical test
loops.

The main limiting factor on the maximum achievable
throughput of xDSL systems is the crosstalk coupling of signal
energy from transmission systems on other pairs in the same
binder. This type of noise is the result of the capacitive and
inductive coupling between the twisted pairs and occurs as
near-end-crosstalk (NEXT) and far-end-crosstalk (FEXT) [8].
NEXT is generated between transmitter and receiver pairs at
the same end of a cable section, while FEXT is generated be-
tween transmitter and receiver pairs at the opposite end of the
cable section. Statistical models are adopted for both NEXT
and FEXT crosstalk, that expect 1% worst case power sum
noise of the cables tested [6]. In general, the NEXT increases
with a power of 1.5 of frequency, while the FEXT increases
with the square of frequency, but also depends on the squared
magnitude of the line transfer function over the length of the
crosstalk coupling path. The Full Access Service Networks
(FSAN) [6] method defines the models for calculating the noise
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Fig. 2. The DSL downstream noise environment.

of NEXT and FEXT contributions from groups of unlike dis-
turbers in the complete system.

Based on the above loop and crosstalk models, we can cal-
culate the transfer function of standard or custom test loops and
the total noise that a DSL receiver experiences under standard
or custom noise scenarios.

III. EMULATOR’S FUNCTIONALITY

Figure 2 describes the signal attenuation and crosstalk noise
environment experienced in a DSL binder environment. In the
following description, we consider the downstream direction
of transmission, from the CO to CPE, however a similar dis-
cussion also holds for the upstream direction, from the CPE
to CO, as well. Considering subscriber line-i to be the line
of interest, Figure 2 presents the FEXT interference generated
from the far-end transmitter of line-j and the NEXT interfer-
ence generated from the near-end transmitter of line-K in the
binder. It has to be mentioned that the sampling period 7T is
referred to the input and output of the binder’s emulator and
not to the attached DSL modems. The following equation pro-
vides the discrete representation of the relation between the
input and output signals of line-i:

Z hi(m)ai(n —m) + Y bl (m)z;(n —m) +
m=0

Lgi—1

Z W (m)x(n — m) + ui(n), (1)

where x; and y; are the input and output signals of line-i re-
spectively, h;; represents the impulse response of line-i with
size L;;, x; and xy, are the transmit signals of lines-j and -k re-
spectively, hF represents the FEXT coupling of line-j to line-i
with size Lﬂ and hY, represents the NEXT coupling of line-k
to line-i with size Lj;, whereas u; is an additive white Gaus-
sian (AWGN) noise process with variance o2

The above equation holds at instances t = nT, (Vn =
0,1,...), where Ty is the sampling period of the observation,
which is in general different from the sampling frequency of
each transceiver pair in the binder, but is the same for all em-
ulated lines. When more FEXT and/or NEXT disturbing lines
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Fig. 3. The architecture of a single DSL line emulation instrument.

exist, the right side of (1) has to be modified respectively in
order to account for the total crosstalk interference. Assum-
ing M total FEXT disturbers and My total NEXT disturbers,
equation (1) becomes:

Mp

My
> " hk(n) * ak(n) + ug(n), )
k=1

where * is used for the linear convolution.

The real-time emulator of the DSL binder environment has
to implement equation (2) for each of the instrument’s input-
output lines. This equation can be implemented either in the
time domain or in the frequency domain. Figure 3 describes
the basic architectural components of the real-time DSL binder
emulator, for the two directions of signal transmission with
non-overlapping frequency bands. Emulator’s configuration
in terms of loop types and noise parameters is provided by a
host-based application that also uploads emulation results for
further processing and graphical presentation. Moreover, the
system maintains an internal database where information about
standard test-loops and cable types is registered (e.g. primary
and secondary parameters for various copper cables, spectral
parameters of the xDSL technologies).
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A. The Time Domain Approach

The emulator’s implementation in the time domain is
straightforward and is realized by passing each input through
a parallel filters bank and summing all the filter outputs along
with an AWGN or other type of noise components. Each filter
output is the linear convolution of the input signal with a finite
impulse response (FIR) filter that represents either the direct
channel or the crosstalk coupling function.

In the single line emulation, noise injection is performed
using pseudorandom (PRS) sources, appropriate shaping fil-
ters that provide the interfering signals’ power spectral density
according to the disturbing transmission technologies, and a
cascade crosstalk coupling filter in order to create the interfer-
ence noise samples. White background noise is directly added
to the line samples from a high-uncorrelated PRS stream (usu-
ally in the order of -140 dBm/Hz).

The general architecture described in Figure 3 can also be
extended to support multiple lines. In Figure 4 we present the
total binder noise emulation environment, considering two sep-
arate lines, named i and j, in the downstream direction. This
configuration includes also the particular filters for the FEXT
coupling between the line signals. The FEXT filters are con-
figured in order to account for the coupling path length and the
transfer function of the disturbed line. These parameters deter-
mine the far-end crosstalk effects as indicated by the analytical
models [6].
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Fig. 4. Multiple lines DSL binder emulation in the time domain.

B. The Frequency Domain Approach

In the frequency domain, the input signal of each line is
segmented into blocks of size N and then an N-point Fast
Fourier Transform (FFT) is used to produce the input signal’s
frequency components. An efficient method to obtain the lin-
ear convolution via calculations performed in the frequency
domain is the “overlap-and-save” [10] method, which divides
the corresponding line input into blocks of size N, so that each
block overlaps the preceding block by L — 1 points, i.e. each
block consists of N — L 4 1 new points and L — 1 points
saved from the previous block. We assume that L < NN (usu-
ally L << N), where L is the size of the channel’s filter or
the crosstalk coupling function’s filter. Each block is passed
through the FFT and the output is multiplied by the complex
frequency response of the filter. These results are then passed
through the inverse FFT and the NV point time domain output is
obtained. This output sequence is equivalent to the cyclic con-
volution of the input block sequence with the filter’s impulse
response and is equal to the linear convolution only in the last
N — L + 1 points. The first L — 1 points are discarded as they
contain aliasing. Since the linear convolution is a linear time-
invariant operation and due to the construction form of the N
points input blocks, the last N — L + 1 points of the successive
output blocks are abutted to form the real filtered output.

Figure 5 describes the implementation details for the fre-
quency domain approach considering two separate input down-
stream lines (i and j). The presented architecture incorporates
the actual FEXT crosstalk coupling functions between the two
lines. The input samples are grouped in order to construct
the NV-point blocks according to the “overlap-and-save” tech-
nique. Each block is passed through the FFT and is multi-
plied by the corresponding channel or crosstalk transfer func-
tion, whose coefficients are stored in the system. For each

line the noiseless output frequency components are added with
the FEXT interference frequency components and the complex
sum feeds the inverse FFT unit. In order to generate a real out-
put signal, the Hermitian symmetry property [11] is imposed
to the input of the inverse FFT. As a result only N/2 multi-
plications and N/2 additions need to be performed per direc-
tion of transmission in the single line emulator. The remaining
complex values are generated using the Hermitian symmetry.
As described in the previous subsection, noise injection from
sources that do not correspond to actual emulated lines is per-
formed in the time domain using PRS sources and appropriate
spectral shaping filters.

IV. THE INSTRUMENT’S ARCHITECTURE

Each direction of transmission, independent if it is upstream
or downstream, requires the same set of system resources for
implementing the respective functionality. Therefore, based on
the total available resources, up to 2M directions of transmis-
sion can be supported. That results to two possible emulator
configurations: either support of M full-duplex lines emulation
or 2M simplex lines emulation. The existing implementation
of the DSL binder emulator supports either the two directions
of a single line or the downstream directions of two separate
DSL lines. In both cases, loop emulation is performed in the
frequency domain, while noise injection is performed in the
time domain using programmable filters.

The emulator was prototyped using a custom platform that
consists of two FPGAs, 1 million gates each, two high perfor-
mance floating point DSPs, analog front end circuitry and the
appropriate interfacing units.

The analog front-end units (AFEs) are based on 14-bits fast
A/D and D/A converters for digitizing the incoming signal and
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Fig. 5. Multiple lines DSL binder emulation in the frequency domain.

for generating the emulator’s output signal. Line interface is
performed using commercially available ADSL AFEs. The
emulator uses embedded decimation/interpolation circuits for
determining a user defined rate on the data stream that is trans-
ferred to the emulator’s internal logic. At the emulator’s out-
put, the reverse operation is performed for generating the ana-
log output signal at the transmitter AFE unit.

The emulator’s internal logic follows the configuration
shown in Fig. 5. An FPGA is used for implementing the FFT
and IFFT modules, used for frequency decomposition of the
incoming and recomposition of the outgoing data streams of a
single line and the overlap-save circuits that are used for coun-
teracting the circular convolution effects imposed by the used
FFT/IFFT. Due to the variable size of the overlap-save method,
a DPLL is used for varying the internal clock and adjusting the
timing of the various processing stages.

The incoming digital samples are stored in a local memory
and when N — L + 1 new samples become available, a new
block of NV samples is generated and the FFT engine begins its
processing. The first N/2 frequency domain complex samples
are stored in a dual-port RAM (DPRAM) and the DSP is in-
formed about the availability of a new FFT output block. As
the DSP starts processing the results of the current data block,
the FFT unit proceeds with the next available incoming data
block, repeating the whole process sequentially. At this point
we have to point out that the emulator uses the same overlap-
ping parameter L in all functions. The value of L is determined
as the maximum length of all channel and crosstalk functions
of the emulated lines.

The DSP engine is responsible for the complex multipli-
cations of the incoming FFT samples with the line’s transfer
function, stored in an internal table. The same procedure is
used for generating the crosstalk noise that is based on the in-
coming data of each disturber line. At the end of this proce-
dure, the frequency components that correspond to each sub-
channel are added and a block of NV complex samples that sat-
isfies the Hermitian symmetry is generated. This block is trans-
ferred to the DPRAM of the IFFT engine that transforms them
into NV time domain samples and the N — L+1 last samples are
used for feeding the noise generation circuit. In order to add
additive white Gaussian noise, an DSP-controlled noise gener-
ation module is used that creates samples according to a given
noise power spectral density and these samples are added to
the signal samples at the emulator’s output, before feeding the
D/A converter.

This procedure is performed on each direction of transmis-
sion. The aforementioned hardware platform was designed to
comprise a second set of interconnected FPGA and DSP units,
so that both directions of a channel or the downstream direc-
tions of two separate lines can be emulated.

Figure 6 demonstrates the effectiveness of the presented
loop emulator for a single downstream line. We have used
the frequency domain approach in order to emulate subscriber
loops of 26-AWG cable and of different lengths. Our system
consist of a downstream ADSL transmitter sending data over
the DSL emulator to the far-end ADSL receiver. The trans-
mitted signal corresponds to the wideband pseudorandom se-
quence, named MEDLEY, which is transmitted during modem
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initialization [4], and is used by the downstream receiver in or-
der to estimate the channel’s transfer function and noise. The
transmitted signal is processed by the DSL emulator and the
emulated channel output feeds the receiving modem, which
performs channel identification using a convergence estimation
method [1]. In this example, the DSL emulator uses L = 54
and does not inject any noise, for not introducing any errors on
the estimation process. Figure 6 presents the analytical and the
estimated loop transfer functions for various lengths. Chan-
nel estimation was performed using 1000 DMT symbols. The
plots of the analytical transfer functions correspond to the stan-
dard models provided for DSL system analysis [6]. The esti-
mated transfer function is generated at the downstream receiver
and depends on the estimation method’s accuracy as well as
the DSL emulator’s accuracy. For short loops, the accuracy
between the analytical and the estimated curves is extremely
high and the 1000 training symbols are sufficient. This result
proves the accuracy of the DSL emulator. The longer is the
loop, the greater is the attenuation and as a result, more train-
ing symbols need to be processed in order to receive a good
transfer function estimate.

V. CONCLUSIONS

This paper presented a detailed description of an instrument
for real-time emulation of DSL binders. This instrument can
be used for testing and verifying the performance of transmis-
sion techniques used in DSL systems. The instrument is con-
figurable in terms of DSL binder parameters (e.g. test-loop
topology and noise sources) and can support crosstalk noise
generation based on the actual data transmitted over a disturber
line. This feature enables the performance measurement of
new transmission techniques, such as techniques that rely on
the coordination of CO DSL devices [12], [13]. This option is

not possible with classical line emulators based only on ran-
dom noise generators.
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