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Chapter 1

Microwave Photonic Cancellation Theory

Within this chapter, the processing requirements for cancellation systems will be presented as
well an introduction to the discrete and integrated photonic implementation. The significant
metrics to cancellers: cancellation depth, cancellation bandwidth, and signal-to-noise ratio
enhancement will be defined and simulated. Application-specific microwave photonic cancel-
lation architectures are introduced. The source code for the simulations within this chapter is
available online: https://github.com/ericcblow/MWP_RF_Sims

1.1 Cancellation Processing Requirements

A radio operating within the presence of self-interference (SI) couples strong self-generated
RF power which overpowers a weak signal-of-interest. This coupling could occur through a wire-
less channel of colocated antennas or through an RF circulator. Cancellation is required when the
SI signal is in-band with respect to the signal-of-interest (SOI). Under these conditions, traditional
filtering is not sufficient for the removal of the SI and doing so yields equal removal of the SOI.
Consequently, in-band self-interference requires active signal processing, specifically cancellation,
to be successfully removed. As described within the introduction, in-band SI can be generated via
advanced duplexed communication, cognitive radio, and adjacent channel leakage [1, 2, 3, 4].
Research on self-interference cancellation via adaptive linear filtering has been ongoing

since the 1970s [5]. Within this context, to achieve cancellation of self-interference signals, one



must first obtain a reference interference signal (IRS). The requirement of obtaining an IRS limits
the application scope of this approach to self-interference as opposed to blind source separation.
Within these systems, the radio’s received signal, eqn. 1.1, is a mixture of self-interference and

signal-of-interest with an unknown attenuation, «, and time delay 7.

Rx(w) = ae ™ (SOI(w) + SI(w)) (1.1)

The cancellation systems developed within this thesis implement a linear finite impulse
response (FIR) filter to match the amplitude, delay, and phase response of the wireless channel
[1]. If matched properly, the IRS will be processed by the linear filter and, therefore, will be
matched in amplitude, phase, and delay to that of the received SI. Subtracting the matched signals
results in the recovery of the SOI. The error of this subtraction is fed back into the linear filter
control, resulting in adaptive dynamic cancellation [5]. Audio noise cancellation serves as a signal
processing analogy to interference cancellation of wireless radios and is an accessible example of

this technique integrated within everyday life.
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Figure 1.1: Processing requirements for self-interference cancellation.



1.2 Cancellation Metrics and Definitions

There are three metrics which define the cancellation-specific performance of a canceller:
cancellation depth (CD), cancellation instantaneous bandwidth C; gy, and cancellation tunability.
The cancellation depth, as defined in eqn. 1.2 and shown in Fig. 1.2(left), is the amount of self-
interference RF power removed, with cancellation enabled compared to the RF loss of the received
path of the canceller without the reference tap active. By defining cancellation depth using this
method, the metric is solely a function of active processing and does not account for loss. With
respect to a canceller within a fixed state, static linear filter coefficients, the RF bandwidth in
which a defined cancellation depth is equal to or greater than is referred to as the cancellation
instantaneous bandwidth, eqn. 1.3. The bandwidth in which a single canceller’s point of maximum
cancellation can be optimized to by adjusting the coefficients of the linear filter is known as the
tunability of the canceller, Fig. 1.2 (right). In addition to the cancellation performance metrics, RF

performance metrics are of equal importance and are discussed in the following chapter.

. PRI(UJ)
CD(W) B PCancelOn(w) (12)
Crpy = o Lraltd) (1.3)

f BW P Cancemn(w)

As shown in [6], the cancellation performance metrics can be equated to the amplitude,
phase, and delay mismatch between the received and reference path by modeling the subtraction
of the transfer function of both signal paths. In doing so, the model highlights that the cancellation
performance is not solely dependent on the matching of transfer functions between the linear filter
and the wireless channel, but also fundamentally limited by the matching of the signal path of
the canceller and the reference signal path of the cancellation. X (w) is the input to the canceller,
Y (w) is the output of the linear filter, Hp, is the transfer function of the received path, H;gg is
the transfer function of the interference reference path of the canceller. In accordance to Fig. 1.1,

the output of a general linear filter-based canceller is equal to the difference in transfer function
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Figure 1.2: Metric Definition for cancellation depth (CD) and cancellation instantaneous band-
width (IBW) for cancellation system. Black curve is the S21 of the received power, Purple curve
is the cancellation transfer function normalized to the S21 of the received path (left). Tunability of
cancellation system is demonstrated as one canceller is tuned from 2 GHz to 9 GHz by adjusting
coefficients of linear filter (right).

multiplied by the output.

Y(w) = X(w)(Hrz — Hirs) (1.4)

The transfer functions of the two paths are equal to the transfer function of the linear FIR
filter. In a single-tap architecture, this can be simplified to a weight, «, and a delay, 7. The transfer

functions are defined below:

HRCE = O-/Rxe_leRI

(1.5)

Higs = aypge™ "“™HS

The power transfer function of the canceller can then be defined as the difference in the

signal path transfer squared.
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This expression can be further simplified by assuming real values for the linear filter coeffi-

cients and can be decomposed to the following:



‘M
X(w)

2 2
= a2, <1 i <O§§S> _9 (o;:;s) cos(w(Tirs — TRx))> (1.7)

By defining the amplitude difference of the Rx and IRS path as Aa = % and the delay
difference of the Rx and IRS path as A7 = 7;rs — 7r. the canceller transfer function can be

further simplified.

= a, (1+(A0)” —2(Aa) cos(wAT))

(1.8)
CD(w) =1+ (Aa)® — 2 (Aa) cos(wAT)

These equation implies that with infinite precision and perfect matching, there will be no
residual RF interference power. In practice, if the linear filter is precise enough, the RF output
will be returned to the noise floor of the canceller. Using eqn. 1.8, the cancellation depth can
be simulated as a function of the amplitude and delay difference, shown in Fig. 1.3. Within this
figure, the contour lines represent a fixed level of cancellation achievable with a defined required
precision of amplitude and delay matching. Horizontal contour lines are phase mismatch limited
while vertical lines are amplitude mismatch limited. This is shown in the logarithmic scale with
phase mismatch 0.01 dB to 10 dB and amplitude mismatch 0.0001 dB to 1 dB. This simulation
is plotted again in Fig. 1.4, with linear scaling of x and y axes to give intuition on the precision
required to truly achieve a high level of cancellation. In this figure, the linear scaling of the contour
map is projected on Z = —100dB. Additionally, the phase and amplitude mismatch is plotted with
negative mismatch, implying that Rx is greater power, and positive mismatch, implying that IRS
has greater power. This additional information highlights the symmetry of the cancellation cost
function.

The bandwidth of cancellation is determined by a difference in frequency-dependent loss
and phase shift. If the frequency dependency of the received path and the reference path are
perfectly equal, the amplitude and delay mismatch can be corrected with one fixed value, resulting

in precision-limited cancellation over the entire operating spectrum. In practice, the two transfer
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Figure 1.3: Cancellation depth as a function of amplitude and phase mismatch between the two
signal paths of a cancellation system. Contour lines highlight required phase and amplitude match-
ing to achieve cancellation depth defined by color bar.
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Figure 1.4: Surface plot of cancellation depth as a function of amplitude and phase mismatch
between the two signal paths of a cancellation system. The linear scaling of the x-y axis provide
intuition on precision required as well as cost function for optimization.



functions will have a difference in frequency-dependent loss and phase and therefore, amplitude
and phase mismatch will become dependent on frequency. Since the canceller has fixed linear
coefficients, only one frequency point can be optimized for cancellation at a time. Minimizing the
change in mismatch as a function of frequency increases the bandwidth of the canceller.

The cancellation-based metrics provides information regarding the amount of RF power
being removed by the canceller. This does not fully represent the effect of the canceller on the re-
ceived signal-of-interest. To more comprehensively evaluate the improvement to the RF chain con-
tributed to the canceller, the signal-to-noise (SNR) enhancement of the SOI should be considered.
The SNR enhancement is a function of the amount of interference power removed, cancellation in
dB, subtracted by the cancellers SNR degradation due to loss and noise generated. Although intro-
duced and discussed in detail in the next chapter, the SNR degradation due to a black-box system
within an RF chain is defined as the noise figure (NF). SNR enhancement is largely missing from
the literature and provides a more accurate and comprehensive measurement of the canceller’s ef-
fectiveness. The SNR enhancement can be defined at a specific frequency or over a bandwidth

such as cancellation.

SN Renhancement(dB) = Cancellation(dB) — N Feancetter (AB) (1.9

1.3 Microwave Photonic Implementation of Cancellation Re-
quirements

A microwave photonic canceller (MPC) leverages the broadband performance on analog pho-
tonic links combined with the tunability of optical linear filtering to create a truly flexible ultra-
wide-band cancellation system. An MPC up-converts (modulates) the received and reference high-
speed RF signals onto two 193 THz optical carriers. In doing so, the entire wireless spectrum cur-
rently utilized becomes narrow-band relative to the carrier [7]. This modulation can be achieved

by directly modulating a laser source, interferometric external modulation, or electro-absorption



based modulation. The two modulated optical carriers are passed through an optical linear filter,
which matches the self-interference to the interference reference signal.

The linear FIR filter requires amplitude manipulation, phase shifting, and time delay-
ing. Attenuation can be achieved in bulk optics with wideband micro-electromechanical systems
(MEMYS) variable optical attenuators [8]. This device achieves attenuation by introducing a mode
mismatch within a fiber interface. Amplification can be achieved in bulk optics via Erbium-doped
Fiber Amplifiers (EDFAs) [9] or solid-state semiconductor variable optical attenuators. Within a
silicon integrated photonic platform, attenuation can be achieved with an add-drop silicon micror-
ing resonator (MRR) [10] or with a Mach-Zehnder interferometer (MZI) switch [11]. Within an
Indium phosphide (InP) integrated platform, tunable amplification and attenuation can be achieved
via Multi-Quantum Well (MQW) based semiconductor optical amplifiers (SOAs) [12].

In bulk optical phase shifting and time delaying can be achieved using a MEMS-based
device which physically extends the optical path. A continuous implementation could be as simple
as a motorized mirror on a mechanical track. Alternatively, the time delay can be discretized, such
as within binary switched delays. This system routes optical signals to different paths with varying
fixed lengths. Achieving large tunable delay ranges on an integrated platform is a difficult task
due to the increase in propagation loss and limited chip real estate. Silicon tunable delays include
microring racetrack resonators [13] or simply thermal heating of the fixed section of the waveguide
[14]. Discretized delays also include integrated binary switched delay lines which utilize integrated

optical switches to route [15]. The linear filter satisfies two matching problems:

1. Matching the attenuation and delay of the wireless channel to the linear filter.

2. Matching the transfer functions of the received path and the reference path.

Following the processing of the linear filter, the two matched signals must be subtracted
to cancel the interference. Within a photonic system, subtraction can be achieved coherently or
incoherently. Coherent subtraction of the optical signal requires matching the delay and phase of

the two optical signals in addition to the modulated carriers, because subtraction occurs within



the optical domain [16]. Incoherent subtraction does not require matching of the optical signals,
but only the modulated RF signals. Within an incoherent MPC, the two optical paths have inde-
pendent photodetectors. If these two photodetectors are isolated, the two photocurrents must be
converted to voltage via a resistor or TIA and then subtracted via a Balun. Alternatively, a balanced
photodetector can be implemented which electrically configures the photodetectors to generate op-
positely flowing photocurrent, resulting in a subtraction of photocurrent at the output. Coherent
or incoherent subtraction is a defining difference in microwave photonic cancellers and there are
trade-offs in control precision, bandwidth, and cancellation performance [17]. The cancellation
systems presented within this thesis will focus on incoherent subtraction of the modulated optical
signals. There is parallel promising research on coherent MPCs which can be found in references
[18, 19].
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Figure 1.5: Generalized incoherent photonic implementation of microwave photonic canceller.
FDL: Fixed Delay Line, VOA: Variable Optical Attenuator, TODL: Tunable Optical Delay Line.

1.4 Application-Specific Architectures

A cancellation system can be scaled in processing complexity from the suppression of one
self-interference signal to the suppression of self-interference signals within a multipath and/or
multiple-input multiple-output (MIMO) wireless environment. Multiple interference signals can

be modeled using a tapped-delay line model, ignoring nonlinear distortion, can be approximated



to have the following transfer function in eqn. 1.10. Therefore, scaling the number of interference

signals, IV, results in a scaling in the processing complexity by N to achieve the same cancellation

depth.
Y (w) |? N . .
‘% = Z ‘avane_lWTRz,n _ OéIRS’ne_ZWTIRS,n|2
n=1
N (1.10)
CD muttipatn (W) = Z(l + (AOén)2 — 2 (Aay,) cos(wAT,))

3
Il
—

1.4.1 Multipath Self-Interference

A multipath wireless environment causes the generation of reflected self-interference signals.
The line-of-sight self-interference will still be the higher power signal to cancel but the reflection of
the line-of-sight will also couple into the receiver with unknown attenuation, phase, and delay [20].
The FIR optical linear filter must be scaled in the number of taps to compensate for the increased
number of interference signals. Note, that the multipath signals are not statistically independent
and therefore the IRS can be split and pass through independent linear filter taps. In a MPC multi-
ple optical sources with independent wavelengths can be wavelength division multiplexed (WDM)
onto a single optical waveguide and then simultaneously modulated with one interferometric mod-
ulator. The modulated WDM signal is then split and processed within the independent taps of the
optical linear filter. The processed signals are then recombined onto a single waveguide again be-
fore detection. An incident WDM signal onto a photodetector sums the RF signals, which are then
subtracted from the received signal. The multipath MPC architecture is shown in Fig. 1.6. Mul-
tipath MPCs have been demonstrated in [21, 22, 23, 24]. The resultant cancellation performance

increases in complexity by the number of taps, /V [25].

1.4.2 Multiple-Input Multiple-Output Self-Interference

Multiple-Input Multiple-Output (MIMO) transceivers are ubiquitous in modern communication

networks. If MIMO radios were to operate with cross division or full duplex communication
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Figure 1.6: Generalized incoherent photonic implementation of microwave photonic canceller with
multitap architecture for cancellation of multipath self-interference. FDL: Fixed Delay Line, VOA:
Variable Optical Attenuator, TODL: Tunable Optical Delay Line.

standards, multiple independent self-interference signals would be coupled into the receiver [26].

Multiple interference signals can be cancelled similarly to that of a multipath MPC but for each

optical tap, independent modulation is required, Fig. 1.7.
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