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Abstract—In this paper, we present an all-analog echo cancel-
lation solution to achieve in-band full-duplex (IBFD) operation
in broadband power line communications (BB-PLC). The per-
formance of active digital interference cancellation, as proposed
previously for IBFD BB-PLC, is limited by distortion and
quantization noise introduced by the analog-to-digital converter
(ADC). Hence, we explore analog interference cancellation (AIC)
solutions to reduce the power of the signal entering the ADC. We
consider various AIC solutions for other communication media
known from the literature, and show that a direct implementation
of any of these solutions to a BB-PLC system renders an expensive
and/or ineffective realization. Acknowledging the specific chal-
lenges encountered in BB-PLC, we propose an AIC mechanism
that not only eliminates the effects of ADC distortion and
quantization noise, but also provides sufficient echo cancellation
gain (ECG) to function without an active digital interference
cancellation module. We demonstrate through simulation results
that our proposed solution provides over 80 dB of ECG, which is
sufficient to reduce the echo power down to the minimum power
line noise floor.

Index Terms—Analog cancellation, in-band full-duplex (IBFD),
broadband power line communication (BB-PLC), echo cancella-
tion.

I. INTRODUCTION AND MOTIVATION

In-band full-duplex (IBFD) operation provides broadband
power line communication (BB-PLC) systems the ability to
simultaneously transmit and receive data in the same frequency
band over the same power line. Apart from doubling physical
layer transfer rates without additional power or bandwidth
requirements, IBFD also provides several higher layer ben-
efits [1], [2]. IBFD can be achieved by canceling the inter-
fering transmitted signal component from the received signal,
to effectively comprehend the signal-of-interest (SOI). This
cancellation is achieved by using echo/self-interference (SI)
cancellation techniques that have been used in various full-
duplex systems across different communication media [2]-[8].

Echo cancellation (EC) schemes can be broadly categorized
into analog and digital cancellation techniques. Analog can-
cellation operates on analog signals either before or after the
transmitted signal interferes with the SOI. Analog isolation
that is applied on the self-transmitted signal before it enters the
receiver chain is commonly referred to as passive isolation [2].
On the other hand, active cancellation techniques regenerate
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and cancel an estimate of the transmitted signal component
from the received signal inside the receiver. Since digital
interference cancellation (DIC) can only be applied on the
signal after analog-to-digital conversion, DIC techniques are
always active cancellation solutions.

In our earlier works, we proposed an IBFD solution for
BB-PLC, with passive analog isolation using an operational
amplifier (op-amp) based hybrid, and an adaptive active DIC
procedure [1], [9]. Although this solution achieved 75%
median data rate gains (DRGs) under typical in-home PLC
channel and noise conditions, the maximum EC gain (ECG)
obtained was limited by the quantization noise and distortion
(NAD) introduced by the analog-to-digital converter (ADC).
Therefore, we examine the applicability of an additional ana-
log interference cancellation (AIC) module, either as a passive
or an active cancellation solution, to eliminate the limiting
effect of NAD.

In this paper, we first investigate the suitability of the
known AIC methods that have been implemented in full-
duplex systems across different communication media. An
examination of each of these schemes reveals that none of the
available AIC solutions can be directly adopted for BB-PLC
scenarios to obtain an efficient implementation. Therefore, we
propose an AIC solution in which we perform echo estimation
digitally, but cancel the echo in the analog domain. In this way,
we augment the benefits of digital computation with achieving
the goal of analog EC. Our simulation results indicate that
our proposed solution potentially provides sufficient ECG to
reduce the power spectral density (PSD) of the echo down
to that of the noise floor at the receiver. Therefore, our AIC
technique can function independently without an additional
active DIC module. As a result, we present the first all-
analog EC solution for IBFD BB-PLC systems, where passive
isolation is achieved using an op-amp based hybrid, and active
cancellation through an adaptive AIC module.

The rest of the paper is organized as follows. In Section II,
we present a discussion on the constraints imposed by BB-
PLC for an efficient AIC implementation using the available
AIC techniques. To effectively address these restrictions, we
propose a digitally controlled AIC method in Section III. We
present numerical results in Section IV, with simulations per-
formed under realistic BB-PLC channel and noise conditions.
Section V concludes the paper.
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II. ANALOG CANCELLATION TECHNIQUES

In this section, we examine the applicability of various
existing passive and active AIC techniques to a BB-PLC
scenario.

A. Analog Passive Cancellation

Passive cancellation is typically performed on the echo
signal during its propagation into the receiver chain, in or-
der to minimize the echo component interfering with the
SOI. Recent advances in passive isolation techniques have
mainly been in wireless IBFD systems. These propagation
domain cancellations are implemented differently for single-
and multiple-antenna scenarios. For a multiple-antenna single-
input single-output (SISO) configuration that uses separate
antennas for transmission (TX) and reception (RX), passive
isolation techniques such as antenna spacing, antenna sep-
aration, or antenna isolation are commonly used [10]-[14].
These techniques involve determining the placement of TX
and RX antennas in order to minimize the echo interference.
For example, antenna separation recommends placing the TX
and RX antennas as far away as possible from each other
to maximize path loss during propagation [13]. Alternatively,
antenna isolation can be achieved by, say, directional isolation,
where the TX and RX antennas exploit spatial diversity to
increase passive isolation [14]. However, PLC does not possess
the physical flexibility to vary antenna positions, due to the
manner in which PLC data is coupled on to the power
line [15]. Although, multi-antenna-like passive isolation can
be achieved by using separate conductor-pairs for transmission
and reception to exploit the coupling loss between the two
pairs. But such a solution doubles the resources used to
achieve a SISO operation. Therefore, we use a single-antenna
(conductor-pair) transceiver, and persist with the analog pas-
sive isolation solution proposed in [9] using an active hybrid
circuit.

B. Analog Active Cancellation

1) AIC using Delay Lines: An active AIC solution was
proposed in [16] for wireless IBFD systems to reconstruct
the echo using analog weights and delays. A portion of the
transmitted analog signal was passed through a dedicated set of
delay lines of varying lengths to obtain the signal with different
delays. However, such a solution is impractical for BB-PLC
scenarios, as the frequency selective nature of the network
impedance results in reflected echoes consisting of multiple
notable components that requires large number of lengthy
delay lines. Furthermore, this solution requires pauses in
transmission to configure the weights and delays to changing
echo channel conditions. In a BB-PLC scenario, the echo
channel varies with changing power line network impedance.
This would require frequently resetting the weights and delays
to adapt to the quickly changing channel conditions. Hence,
AIC using delay lines is not applicable to BB-PLC.

2) Adaptive Cancellation with Analog LMS Filter: Some
of the first implementations of adaptive AIC are found for
full-duplex Ethernet and co-axial cable transmissions [6],
[7]. These solutions apply an analog finite impulse response
(FIR) filter and adaptively tune its filter weights to estimate
the impulse response of the echo channel. For example, the
implementation in [7] uses a four-tap filter to cancel the four
most significant echo samples. But we have shown earlier
in [9] that due to multiple significant reflections along the
power line, the echo channel estimation filter requires at least
40 taps to completely capture the channel effects. Hence, we
require 40 additional digital-to-analog converters (DACs) to
use the structure of [7], as it uses the digital samples of the
transmitted signal for echo reconstruction. Alternatively, to
avoid the use of multiple DACs, the solution of [6], and a
similar wireless-IBFD implementation in [17], use the analog
transmitted signal to generate an echo estimate. However, since
these solutions use analog FIR filters for channel estimation, it
provides inefficient reconfiguration of filter weights and delays
to frequently changing channel conditions, as is experienced in
BB-PLC networks. Therefore, it is preferable to use a solution
that can implement AIC with the aid of digital processing to
provide superior adaptivity and reconfigurability.

3) Digitally Controlled AIC: An AIC solution with digital
echo channel estimation was proposed in [18], and was later
extended to broader bandwidth applications in [13], [19].
These solutions use the digital samples of the transmitted sig-
nal to generate a canceling signal by estimating the frequency
response of the echo channel. Such a solution provides the
benefits of digital channel estimation and a reduced NAD due
to AIC. However, they require an entire additional transmitter
chain for echo reconstruction. Additionally, these solutions
require a rather long wait-time/silent period for echo channel
estimation, where the transceiver operates in HD mode. An
analogous solution was also proposed in [20], albeit with
similar drawbacks as those faced by [13], [18], [19]. Thus,
an adaptive echo estimator with a simpler echo reconstruction
chain is desirable.

In the following, we propose a digitally controlled adaptive
AIC solution that is suitable for BB-PLC, in particular, consid-
ering coupling of PLC signals, adaptivity to frequently varying
echo channel conditions, and low implementation complexity
and power consumption.

III. PROPOSED SOLUTION

We consider a single-antenna BB-PLC transceiver and apply
the op-amp based hybrid circuit of [9] for passive AIC. For
active cancellation, we propose the following AIC technique
aided by digital echo channel estimation.

A. AIC Procedure

Consider a BB-PLC transceiver shown in Fig. 1, which
transmits an orthogonal frequency division multiplexed
(OFDM) signal, z, and receives a signal, ¢, which contains the
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Fig. 1. A block diagram of an IBFD BB-PLC transceiver with our proposed
all-analog cancellation solution.

echo, SOI, and noise. The received signal can be expressed in
continuous time as

y(t) = (z* hai)(t) + (wsor * herc)(t) +r(t), (D)
SOl et

echo noise

where hg, is the impulse response of the echo channel, zsg) is
the required SOI, hp ¢ is the impulse response of the power
line channel, and r is the cumulative noise seen at the receiver.
An echo estimate is removed from this signal in the analog
domain, and the resultant signal, e = y — ¢, is appropriately
scaled and digitized by the ADC. The digital samples, e[n], are
fed back to the echo channel estimator in frequency domain to
adapt its filter weights for the following iteration. The filter-
weight vector, W, is adapted at every (th iteration using the
least mean squares (LMS) algorithm as [21, Ch. 5]

W(l+1) = W(0) + udiag(X(0) E(0), @)

where p is the step size of the LMS algorithm, and X and
E are the frequency domain versions of z and e, respectively.
Since W represents the echo channel transfer function esti-
mate, we generate the echo estimate in frequency domain as

Y (0) = X(£) o W(0), 3)

where ‘o’ denotes the Hadamard product. We then convert Y
to time domain and use a DAC to obtain the continuous time
analog echo estimate. We continuously repeat this process for
every ¢th OFDM block.

B. Reduction in Quantization Noise and Distortion
The NAD power introduced by the ADC is given by
P,
P _ inp
NAD T SINAD’

where P, is the input power of the signal entering the ADC
and SINAD is the signal-to-NAD ratio at the ADC. While
SINAD is constant for a given ADC, P, is dependent on the

“4)

total AIC gain, for a fixed transmit signal power, Prx. When
AIC is only achieved using passive isolation, as in [9],

p(DIC) _ PrxGuyby + PrxGpic + Nr 5)
NAD SINAD ’

where Gy, is the hybrid isolation, GpLc is the power line
channel gain, and Ny is the power of the cumulative noise
floor at the receiver. Since Guyp is relatively weak, NAD
introduced by the ADC limits the EC performance when AIC
is only achieved using the hybrid.

In our proposed solution, AIC is accomplished both pas-
sively and actively. Hence,

_ PrxGuyGarc(f) + PrxGpic + Nr

AIC
Pl\(IAD )(K) = SINAD , (6

where Garc is the active cancellation gain provided by AIC.
Since AIC is implemented adaptively, Gaic is dependent
on the LMS iteration /. As the LMS adaptation reaches
saturation, it provides sufficient gain to produce Garc =~ 0.
This nullifies any effect of the echo on Pyap. Therefore,
the NAD introduced by the ADC no longer limits the EC
performance.

C. Effect of Non-Linear SI Components

The active DIC solution of [9] could ignore the effects
of non-linear SI components as P,\(llilc) was more dominant.
However, since P,\(IIXIDC) < P,\(&IDC), the effects of non-linear
SI components are no longer negligible. Non-linear compo-
nents are mainly generated by the power amplifiers in the
transmitter chain. Typical BB-PLC analog front-ends (AFEs)
produce non-linear signal components that have a PSD of
—75 to —80 dB below the transmit PSD, ¥y [22]. Urx
used by BB-PLC transceivers are determined by regulatory
authorities, and varies with location. For example, North
American regulations, used by HomePlug AV standards, allow
Urx < —50 dBm/Hz [23], whereas European restrictions
limit rx < —55 dBm/Hz [24]. As the PSD of non-
linear components, Wy c, is larger for higher ¥rx, we
consider Wpx = —b50 dBm/Hz to address the worst-case
scenario. With a BB-PLC AFE such as [22], we experience
UnLe < —125 dBm/Hz. Therefore, to bring Wy ¢ down to the
minimum in-home power line noise floor of —130 dBm/Hz [9],
we require a non-linear cancellation of up to 5 dB.

Since the echo passes through the analog hybrid before
entering the receiver chain, non-linear SI components undergo
passive hybrid isolation. It has been shown in [9] that the
average Gy, is about 7 dB. However, hybrid isolation is
frequency selective due to the varying network impedance,
and could be as low as 2 dB at certain frequencies. Under
such network impedance conditions, Wy c is 3 dB above
the minimum noise floor. Toward proposing a low-complexity
and a low-power overhead solution, we choose to endure this
outlier scenario without including any additional active non-
linear cancellation.
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D. Characteristics of our Proposed Solution

Our proposed AIC solution achieves the targets set in
Section II. In the following, we present a brief discussion on
the salient features associated with our solution.

1) Adaptive Filter Weight Update: As our proposed solu-
tion updates the weights of the echo channel estimation filter
adaptively using the LMS algorithm, it inherently tracks all the
variations in channel conditions without requiring any weights
re-initialization. Furthermore, unlike digitally controlled AIC
solutions of [18], [19], we use the received signal for filter
weight adaptation in the presence of the SOI. Hence, we
do not require any silent period (HD transmission) either
at the beginning of transmission, or anytime thereafter. To
adapt to short-term power line channel changes that are linear
periodically time varying (LPTV) in nature [25], we could
further incorporate the LPTV-LMS algorithm developed in [9].

2) Accuracy of the Echo Estimate: Since we use the
received signal, y, as the training signal to adapt the LMS
filter weights, the accuracy of the generated echo estimate
depends on the power of the echo component in y. The other
components in y, namely the SOI and the cumulative noise
at the receiver, together act as the overall noise to the echo
channel estimator. Therefore, a smaller SOI component in
y provides a more accurate echo estimate. With a constant
transmit PSD used by the far-end BB-PLC transceiver, the SOI
power in received signal depends on the power line channel
attenuation. Thus, the accuracy of the echo estimate improves
as the power line channel attenuation increases.

3) Cost of Implementation: To achieve analog SI cancel-
lation, we require an analog adder in the receiver chain.
This can be implemented simply using current addition, or
using an active differential voltage amplifier to ensure no
additional signal power loss inside the adder. Additionally,
we only require one extra DAC in the echo reconstruction
chain to generate an analog echo estimate signal from the
digital samples. These two analog components are elementary
constituents of any digitally controlled AIC solution. Note that
our proposed structure is significantly more cost and power
efficient than those in [18], [19], as BB-PLC systems operate
with baseband signals.

I'V. NUMERICAL RESULTS

In this section, we present simulation results of echo cancel-
lation and data rate gains obtained in practical IBFD BB-PLC
transceivers using our proposed AIC solution.

A. Simulation Configuration

1) Transceiver Settings: We use the HomePlug AV
specifications to configure our single-antenna BB-PLC
transceiver [26]. We use a fast Fourier transform (FFT) of size
3072 to load data onto 917 sub-carriers between 2 — 28 MHz.
Intermediate sub-carriers are nulled as per the tone-mask spec-
ified in [26, Table 3-23]. We use the North American amplitude
mask of [26, Figure 3-24] and set Yrx = —50 dBm/Hz on all
sub-carriers. To simulate an analog signal of infinite precision,
we use the default 64-bit double precision of MATLAB. We

TABLE I
SIMULATION PARAMETERS
Transmission bandwidth 2 — 28 MHz
Sampling frequency 75 MHz
FFT Size 3072
Sub-carrier spacing (A f) 24.414 kHz
Number of data carrying sub-carriers (|.4]) 917
Transmit PSD (¥x) —50 dBm/Hz
ADC Resolution 12 bits
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Fig. 2. A second-order Gaussian curve fit of the ECGs obtained across varying
sub-carrier attenuations using the DIC IBFD implementation of [9], and our
proposed AIC implementation.

digitize the analog signal using a 12-bit ADC with 11 effective
number of bits. We use the Hammerstein model of baseband
power amplifiers to simulate the programmable gain amplifiers
used in the BB-PLC transceiver [27]. We summarize the
simulation parameters in Table I.

2) Channel and Noise Generation: We use the channel
generator in [28] to realize realistic in-home PLC chan-
nels, which computes the channel transfer function using the
bottom-up approach [29]. To simulate PLC noise, we use the
cumulative power line noise generator tool of [30], which
generates the overall noise as a sum of colored background
noise, narrowband noise, periodic impulse noise synchronous
with the mains, periodic impulse noise asynchronous with the
mains, and aperiodic impulse noise.

B. Echo Cancellation Gain

We define ECG as the ratio of the signal-to-interference-
plus-noise ratio (SINR) before EC to SINR after EC. Thus,
we can write ECG at every sub-carrier as

ECGr ————, 7
where Wge and Wy are the PSDs of the residual SI (RSI)

including the effects of NAD and non-linear SI components,
and the noise floor at the receiver, respectively.
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We run our proposed AIC solution and the IBFD solution
of [9] on a BB-PLC transceiver over 1500 random PLC
channels generated using the random network generator setting
in [28]. To determine the maximum ECG obtainable using our
proposed solution, we run our simulations under zero-noise
conditions to ensure that the power line noise does not limit
the achieved ECG.

Fig. 2 shows a second-order Gaussian curve-fit plot of
the variation of ECG for different sub-carrier attenuations.
We observe that ECG increases with increase in sub-carrier
attenuation due to more accurate echo estimates, as explained
in Section III-D2. The difference in ECG values between the
two curves at lower sub-carrier attenuations can be attributed
to discrepancies of the curve-fit. At higher attenuations, we
notice that while ECG with the IBFD implementation of [9]
saturates at about 63 dB due to dominating Pyap, we obtain
ECG of up to 85 dB with our proposed AIC solution. This
exceeds the target 80 dB ECG required to bring the echo PSD
down to that of the minimum receiver noise floor [9]. However,
since we do not obtain ECG > 80 dB across all sub-carrier
attenuations, we do not double the overall data rate under all
channel conditions.

C. Data Rate Gains

We use the ECG values of Fig. 2 to calculate the data rates
obtained for realistic PLC channel and noise scenarios. We
compute the data rates for HD and IBFD operations, Cyp and
Ckp, respectively, as

Uy - |HPLc(k)2>
Chp = Af - 1 1+ 8
HD f kgﬂ 08 ( Un (k) 3
Urx - [Hpie(k)|? >
Croo=2-AF- 5 log, (1 G
FD,¢ f kéﬂ 08y < + Trorg (6) + U (F) ©)

respectively, where Af is the OFDM sub-carrier spacing,
Hpc is the PLC channel transfer function, k£ is the sub-
carrier index, .4 is the set of all data carrying sub-carriers,
and ¢ = {AIC,DIC} indicates the chosen IBFD solution,
where AIC represents our proposed AIC solution and DIC is
the IBFD implementation of [9]. We calculate the RSI PSD
using the values of ECG from Fig. 2 as

Urx
v k)= ———.
rsho (K) ECG(k)
From (8) and (9), we then determine the DRG obtained using
IBFD over a HD operation as

Crp ¢

DRGy Cin

We compute (8), (9), and (10) for four diverse in-home BB-

PLC channels shown in Fig. 3. We generate these channels

using [28] by configuring the PLC network with different

number of derivation boxes and power outlets. We ensure that

we generate channels with a range of attenuations between

10 dB and 80 dB. To introduce PLC noise, we use the power

line noise generator tool of [30] with a random noise level
setting.

(10)

—— Channel 1
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Fig. 3. Channel transfer functions of four diverse in-home BB-PLC channels.
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Fig. 4. Data rates obtained for the four BB-PLC channels in Fig. 3. DRG
with IBFD, computed as (10), is indicated on top of each IBFD bar. Individual
data rates are computed using (8) and (9).

The obtained data rates, Cnp, Crp,pic, and Crp a1c, for
the four channels of Fig. 3 can be seen in Fig. 4. Additionally,
the values of DRGy; are indicated on top of the Crp 4 bar. We
observe that Crp arc > Crp,pic is consistently the case for
all channels.

1) Channel 1: This channel contains a relatively low atten-
uation across all sub-carriers, which is characteristic of short
power line links. Since the ECG obtained under lower sub-
carrier attenuations is smaller, DRGs obtained under both AIC
and DIC solutions are also relatively small. Notice in Fig. 2
that for attenuations below 30 dB, ECGpic ~ ECGa1c. Thus,
we obtain Crp arc ~ Crp,pic for this channel. However,
we note that practical data rates obtained are limited by the
maximum modulation order supported by the device. For ex-
ample, HomePlug AV specifications support 1024-quadrature
amplitude modulation as its highest order. In such cases, the
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DRG4 would be higher as Clyp is limited by this constraint.

2) Channel 2: This channel provides greater sub-carrier
attenuation than Channel 1. Hence, we observe lesser overall
data rates under all three operations. Notice from Fig. 2
that ECGpjyc saturates at 63 dB beyond all attenuations of
about 35 dB. As this channel contains a significant number of
sub-carriers with attenuations greater than 35 dB, we obtain
Crp,a1c > Crp,pIC-

3) Channel 3: Channel 3 presents large attenuation across
all sub-carriers, which is characteristic of long power line runs
with several loads connected in the network. Although such
channels are not frequently encountered in typical in-home
conditions, it illustrates a drawback of the IBFD implemen-
tation of [9], and its remedy using our proposed solution.
As all sub-carriers in this channel provide high attenuations,
ECGpic is always saturated at a maximum value of 63 dB.
This produces Crp pic < Chp, resulting in a DRGpic = 0.7.
On the contrary, our AIC solution provides greater ECG ¢ at
higher sub-carrier attenuations. Thus, we obtain DRGac = 2.

4) Channel 4: This channel contains a wide range of sub-
carrier attenuations between 20 dB and 70 dB. Due to a
constantly growing ECGa1c, we obtain a DRGarc = 1.9 using
our proposed solution, while DRGpj¢ is limited to 1.2.

V. CONCLUSIONS

In this paper, we have presented the first all-analog echo
cancellation solution for full-duplex PLC. By performing
active EC in the analog domain, we overcame the limitation
of distortion and quantization noise introduced by the ADC.
Considering the known AIC techniques available in IBFD
and frequency division duplexed systems across different
communication media, we proposed a digitally controlled
analog cancellation solution tailored for BB-PLC scenarios.
We showed through simulation results that the ECG values
obtained by our solution is sufficient to function independently
without an additional DIC module. Our numerical results
also indicate that our all-analog cancellation solution provides
greater echo cancellation gains and data rate gains compared
to the state-of-the-art IBFD implementation. We remark that
our active AIC solution is also easily scalable to multiple-input
multiple-output BB-PLC transceivers.
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