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Abstract—This paper describes and proposes cascaded models
for the identification and cancellation of air-induced passive
intermodulation (PIM) in frequency division duplex (FDD)
multiple-input multiple-output (MIMO) systems. The air-induced
PIM is interference which stems from nearby metallic objects
outside the transceiver system. Previous works on the topic have
been targeting a limited subset of the possible scenarios present
in such systems, namely 2x2 MIMO operation with two parallel
streams and two component carriers (CCs), totaling four distinct
signals. We demonstrate that the recently proposed cascaded
model utilizing spline-interpolated lookup tables for nonlinearity
modeling is capable of handling the aforementioned case with low
computational cost, even when channels with memory effects are
considered. Furthermore, we expand the 2x2 case to include
more transmit streams and CCs and develop a multi-input
Hammerstein-type model with polynomial basis functions and a
global filter, and accompany it with a low-complexity gradient
descent-based parameter adaptation to cancel PIM in such more
evolved scenarios. We evaluate the performance of the developed
canceller numerically, where favorable cancellation results are
shown.

Index Terms—Passive intermodulation, rusty-bolt, nonlinear
distortion, digital cancellation

I. INTRODUCTION

Since the 4G Advanced/LTE, the 3GPP specifications have
included carrier aggregation (CA) technology, where ever wider
bandwidths are made available by dynamic allocation of the
spectral resources [1]. Crucially, this spectral allocation of the
component carriers (CCs) can be done contiguously or non-
contiguously. In the latter case, if frequency division duplex
(FDD) system is employed, and the duplexing distance is
narrow, such as in band n3 of the 5G NR specifications,
intermodulation (IM) products leaking to the receiver (RX) may
cause RX desensitization [2]. The intermodulation products
typically stem from nonlinear devices after the transmitter (TX)
chain, where they are unaffected by band-limiting filtering,
and thus the non-contiguously allocated CCs can generate IM
products to the RX chain. It is possible that the generated IM
distortion stems from a passive device, such as switches, filters,
or loosely connected cables. In these cases, the IM distortion
is referred to as passive intermodulation (PIM) distortion.
Additionally, the PIM distortion may originate completely from
outside the transceiver chain, where e.g., rusted bolts, fences,
or metallic rooftops may be source of the PIM. In such cases,
we have termed the distortion air-induced PIM.

x1,1[n]€jw1n

7o) ]
. .7 ITX 4
X1, [n]e/wL™ iéChain 173
o [n]E TS dy[n ;.:::;;é:::é hy o
1(nf: el I;' & [
1Canceller; ¥ Chain 13 /-‘\
: PIM
X1 [n]eja)ln ‘5 __________ : Source
opn 1 TX :
XK L [n]e/ L * i ChainKY, \‘_/
>Q i Dup-
dy[n] v T Wy
< ?Chaln K :

Fig. 1. Overall system model, where K TX chains transmit L concurrent
carriers. A PIM source in the vicinity of the transceiver system distorts and
reflects the TX signals back tot the RX, where a PIM canceller suppresses
the received self-interference.

Arguably the simplest solution to the RX desensitization
issue due to PIM self-interference (SI) is to reduce the TX
signal power by backing off the TX power amplifiers (PAs),
thereby also lowering the generated distortion signal power.
However, this is not advisable as it leads to diminished power
efficiency and coverage of the system. An alternative approach
is to generate an estimate of the SI signal and subtract it
from the RX data. While this identification and mitigation
of the PIM distortion can be carried out also in the analog
domain [3], in this work we focus on methods applied in
the digital domain. Previous works e.g., in [4]-[6] have all
demonstrated the feasibility of the digital domain PIM SI
cancellers with conducted PIM sources. However, these works
have limited the investigation to cases with a single TX chain,
and therefore MIMO operation is omitted completely.

This paper builds upon our previous works [7]-[9] where
air-induced PIM has been considered in a simple four carrier
MIMO scenario. The works in [7], [8] introduced methods to
reduce the overall computational complexity of the canceller
engine, however, they are only applicable to the specific case
of four carriers, such that two carriers are transmitted from
two separate TX chains. While the method shown in [9] was
reported to be able to perform in more evolved scenarios,
measurements were only conducted in the aforementioned
four carrier scenario, in an isolated chamber. Thus, to fill the



gap left by the previous works, in this paper we examine
MIMO scenarios with more than four concurrent carriers, and
also consider a case with channels under memory effects. We
will develop an effective Hammerstein-type system, where the
nonlinear effect of the PIM source is modeled with polynomial
basis functions, and compare that against a slightly modified
version of the Wiener-Hammerstein-type model introduced
in [9]. From the conducted simulations, we can see that
both models are capable of cancelling the received PIM
signal close to the noise floor in the evolved scenarios when
single tap channels are considered. Moreover, a scenario
with channels with memory effects is simulated, where the
Wiener-Hammerstein-type model is shown to benefit from the
possibility to incorporate memory to the channel models.

II. SYSTEM MODEL FOR AIR-INDUCED PIM

In this section, we introduce a general model for a system
where a BS operating in FDD mode transmits arbitrarily
many signals, using arbitrarily many parallel TX chains
simultaneously. These signals propagate to a PIM source
through a wireless channel where they undergo nonlinear
transformation. The nonlinear signal then propagates through
another wireless channel back to the receiver, thus causing
strong interference at the receiver.

Let us denote each baseband TX signal at time instance
n as wp[n)e?", where k = 1,2,--- , K denotes the TX
chain index with the total number of chains being K, ¢ =
1,2,--- , L denotes the index of the signal in the TX chain,
with L being the total number of signals in each chain, and
wy is the baseband center frequency of the /-th carrier. Let the
carriers be distributed symmetrically around zero in frequency,
and let the frequency difference between consecutive carriers
be we41 —we = 2wg for £ = 1,2,--- , L — 1. Then, for the
{-th carrier, the center frequency can be defined as w, =
(2¢ — 1 — L)wg. Now, the summed, total signal at the PIM
source input z[n] can be written as
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where hy, ¢, € CHx1 is the channel response filter associated
with the (-th carrier of the k-th TX chain, x4, € CH*!
collects H values of zy[n]e’**", and (-)T denotes the
transpose operation. Additionally, H denotes the length of
the filter hy, ¢ ,, given by H = H; + Hy + 1, where H; is the
number of pre-cursor, and Hy the number of post-cursor taps.

After the summation, the signal z[n] then undergoes a
nonlinear transformation in the PIM source. In this work,
we model the nonlinear response with a standard polynomial
model [10]. The instantaneous output of the PIM source s[n],
after the polynomial model is then given as

P
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where P is the order of the model and g, the p-th coefficient
of the model.
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Fig. 2. Block diagram of the Hammerstein polynomial-based model.

After the nonlinear transformation, the distorted signal then
propagates back to the receiver. Denoting the channel response
with w,, € CM*1 the received signal y[n] can be modeled as

3

where M = M; + M5 + 1 is the length of the filter w,,, while
M and M5 denote the pre- and post-cursor taps, respectively,
and s, collects M values of s[n]. The taps of w,, also capture
some of the possible memory effects stemming from the
nonlinearity. Finally, the received signal y[n] is filtered in
a band filter b € RP*!, with length B = By + By +1, and B,
pre-cursor and Bs post-cursor taps, to produce a band-limited
received signal §[n]:

yln] = wysn,

g[n] =b"yn, 4

where y,, collects B samples of y[n].

III. CASCADED MODELS FOR CANCELLATION OF
AIR-INDUCED PIM

Stemming from the system model introduced in the previous
section, we determine two possible realizations for a canceller
modeling and cancelling the received air-PIM. The first will
feature a typical Hammerstein model, where the nonlinearity
is modeled using a vector of instantaneous polynomial basis
functions (BFs). The latter is a slightly modified version of
a technique introduced in [9], where a Wiener-Hammerstein-
type cascaded model is utilized, accompanied by a spline-
interpolated lookup table (LUT) for nonlinearity modeling. We
will also show low-complexity gradient descent-based solutions
to the parameter adaptation in both cases.

A. Hammerstein Polynomial-based Approach

The Hammerstein polynomial-based (HP) method is based
on the assumption that the channels between the transceiver
and the PIM source can be approximated by a single tap, i.e.,
H = M = 1. This approximation has been used also in our
previous works [7], [8], where it has been shown to be a
valid assumption in measured cases. Thus, the cancellation
engine can be described as in Fig. 2, where we first have an
instantaneous nonlinear transformation using polynomial BFs,
followed by a global filter.

The instantaneous BFs required in the nonlinear block is
dependent on the number of TX chains K, the number of
signals at each chain L, as well as the RX operating frequency.
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Fig. 3. Block diagram of the Wiener-Hammerstein LUT-based model.

Using the aforementioned single-tap approximation, the PIM
source input Z[n| can be estimated as
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where hy¢[n] denotes the single tap channel coefficient
associated with the /¢-th carrier of the k-th TX chain, and
1e[n] is the total summed signal at frequency wy, over all TX
chains.

In addition, the number of BFs is dependent on the
polynomial order P considered, which we set to P = 5 in
this paper. Then, following (2), we can write the approximated
nonlinearity output 5[n| as

3[n] = g1z[n] + gsZ[n]*Z"[n] + gsZ[n]Z* [n]?,  (6)
which can be expanded using (5) to a form as shown in (7) at
the top of the next page. With (7), we can identify the required

fifth order BFs at the wanted intermodulation (IM) frequency.

Note that by considering single tap channels hy, ¢[n] per carrier,
each BF will have a single effective coefficient, which lumps
the channel coefficients and the nonlinearity coefficients g.

The obtained instantaneous BFs are collected to the column
vector ®,, € CV*1 where N is the cardinality, i.e., number of
BFs in the vector, where each carrier is taken at time instance
n. To obtain the nonlinear block output, we need to weight
each BF with its corresponding coefficient, which are collected
to the vector 3,, € CNV>1. Then, the instantaneous nonlinearity
output is determined as

s[n] = BL ®,,, (®)
after which the global filter w,, is used per (3) to consider
potential memory effects in the nonlinear block, and the channel
from the PIM source to the receiver. Lastly, the signal is filtered
in the static low-pass filter b to limit the frequency range.

In order to track the coefficients of the nonlinear block and
the filter w,,, gradient descent-based algorithms are developed,
where the coefficient updates are made in the negative direction
of the gradient of the cost function J[n] = |e[n]|? [11]. Since

the cancellation engine after the filter w,, is identical to the
one presented in [9], we have

oJ[n]
ow}

= w, + pye[n|S;b,

Wnt1 = Wy — Uy
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where 4 is the step-size, and S,, € CM*B collects B past

vectors s,,. Similarly, we can determine the update rule for the
BF coefficient vector to be

aJ[n
ﬂ’fﬁ*l = Wn — Up 86[:7,]

= Bn + uge[n]l—‘;b,

(10)

€ CN*B collects B
(I)n+M] €

where T, = [, W, -+ QpiBWntB]
past vectors 2, w,, and where Q,, = [®,, ---
CNXM collects M past vectors ®,,.

A well-known issue with the use of polynomial BFs in
conjunction with gradient-based learning algorithms is the
slow convergence due to the high correlation between the BFs.
To alleviate this, the BFs can be multiplied with the inverse of
the cross-correlation matrix R,, = E[®,,®] € CV*N | where
E[-] denotes the statistical expectation operator [6]. Since the
matrix inversion is a resource hungry operation, we can save
resources by precomputing the inverted cross-correlation matrix
R~! since the statistical properties of the BFs do not change
over time. Then, we can use R™! in the update of the BF
coefficient vector as

Brt1 = B + paeln](R*)"'T;b. (1D

B. Wiener-Hammerstein LUT-based Approach

The overall principle of the Wiener-Hammerstein LUT-
based (WHLUT) method was already established in [9], but is
reviewed here briefly for convenience. Further, we will modify
the technique from [9] slightly, by considering separate filters
for each carrier signal, as described in the system model in
Section II. This way, we can loosen the length requirements
of the filters in certain cases, e.g., with 20 MHz BW in [9].
We also omit the carrier information from the LUT output,
which is redundant when considering the IM products. The
considered cancellation model is depicted in Fig. 3.

In the WHLUT method, the individual carriers x ¢[n] are
first filtered in filters hy, ¢ ,, and summed together to produce
the total PIM source input z[n], as per (1). As mentioned
above, this is the difference to the algorithm introduced in [9],
where the filtering was done to the aggregated signals from
each TX chain. After the PIM source input is computed, the
nonlinearity in the PIM source is modeled using a complex
valued spline-interpolated LUT, with unit spaced knots. The
PIM source output — without the redundant carrier information
— can then be written as

12)



L

L L L
Sln) = g1 3 e ]/ g S S S g [, s, [n]ed (202021 Eon

6=1
L L L L L

l1=143=1/3=1

(N

+ 95 Z Z Z Z Z Yoy [0, [R]1e, [0, (], [n]e? (P4 2020 =20a =20 =1 = L)won

l1=103=103=104=105=1

TABLE I
COMPUTATIONAL COMPLEXITIES OF THE INTRODUCED CASCADED MODELS IN TERMS OF FLOPS PER PROCESSED SAMPLE

. Complexity (FLOPs/sample)
Operation
HP WHLUT
Main Path Gpy +10M + 10N — 4 KL(10H — 2) + 2P2 + 8P, + 10M + 22
Parameter 2P2 + Py + 47(M + C) + 2MC + 10M + 21
10N? 4 47(M + N) + 10MN — 3N 420 2Fs TP 4T+ O)+ 1M
Adaptation +KL(10HM +4HT + 8M — 2H + 10)

where c,, € C¢*! is the spline control point vector with C'
elements, while ¥,, € R*! is the spline basis function vector,
given as

‘I’HZ[O"'OUZCPSO“'O]Ta (13)

where Cp, € CFH+Dx(P:+1) denotes a static coefficient
matrix, defined separately for each interpolation order P;. The
so-called abscissa vector u,, € R?*(P=+1) g defined as

u, = [u[n]" uln)=7t 1, (14)

where u[n] = |z[n]| — (i[n] — 1), and i[n] = ||z[n]|] + 1, when
considering unit spaced knots. In (13), the non-zero elements
start at index [n]. After the nonlinear transformation according
to (12), the global filter is applied after (3), and the band is
limited after (4).

Lastly, the gradient descent-based update rules for the
WHLUT coefficients are presented. For the global filter w,,,
the update rule is the same as in (9). The learning rule for the
spline control point vector is given as

Cn+1 = Cp + pee[n]IL b, (15)

where the columns of IT,, € C®*F are delayed versions
of ¥,Z,w,, where ¥, = [, W, v, and Z,, =
diag{z[n] --- z[n+ M]}. The update for each filter hy, ;,, is
given as

hy rn1 = hyen + pren]2; b, (16)

where the columns of the matrix Z, ¢, € C*B are delayed
copies of Y ¢, W, where the columns of Yy, € CIT*XM
in turn are delayed versions of xy, ¢ ,0[n]. The coefficient §[n]
is given as

5[n] = @ufcaen +9lc,, (17)
where @, = [Puln]P~! (P, — Du[n)™~2 .- 10]"

R +1)x1 contains the derivatives of u[n]", and &,, contains
P + 1 elements of c,, starting from index i[n].

C. Computational Complexity

The computational complexities of the HP and WHLUT
methods are presented in Table I in terms of floating point
operations (FLOPs) per processed sample. It is assumed here
that a multiplication between complex numbers takes 8 FLOPs,
multiplication between a complex and a real number takes
2 FLOPs, addition of complex numbers takes 2 FLOPs, and
addition of a complex and a real number takes a single FLOP.
The complexity of filtering with the static filter b is omitted
from Table 1.

The number of BFs, as denoted by N, as well as the
computational complexity associated with the generation of
the BFs, denoted by Gy in Table I, depend on the number
of TX chains K and CCs per chain L. The total number
of BFs can be computed by first determining the distinct
configurations of v, at the wanted frequency. For example,
the configurations for L = 2, K = 3, at —(L + 1)w, are
Uin]eslnl, ¥i[n]yinesinl, and Yi[n]is(n]i3[n]?. Each
¢?[n] generates (PT7') distinct BFs, as per the number
of multinomial coefficients. Thus, the aforementioned con-
figurations generate 6 x 3 = 18, 10 x 3 x 3 = 90, and
6 x 3 x 6 = 108 BFs, respectively, for a total of 216 BFs. For
Gy, it is assumed that intermediate results can be reused to
lower the total complexity. As an example, it takes 536 FLOPs
per sample to generate the required BFs when L = K = 2.
The number of BFs N and the complexities to generate the
BF Gy for various configurations of K and L are shown in
in Table II.

The learning complexity can also be brought down if only
T < B most significant taps around the center tap of the
filter b are considered. This has been previously shown to
yield excellent results, with much reduced complexity [9]. We
will show numerical results for the complexities with various
parametrizations of the system in the next section.

IV. SIMULATIONS AND RESULTS

In this section, we will verify the operation of the cascaded
models introduced in the previous section by simulations. The



TABLE II
ACHIEVED CANCELLATION RESULTS AND ASSOCIATED COMPUTATIONAL COMPLEXITIES WITH VARIOUS NUMBER OF TX CHAINS K AND CCS PER CHAIN
L, CONSIDERING SINGLE TAP CHANNELS AND 5 MHZ BW CARRIERS.

Cancellation (dB) FLOPs/sample
K L N Gy
HP WHLUT Maximum HP WHLUT
9 2 20.3 20.2 20.6 40 536 942 / 21,680 / 22,622 351 /74,374 1 4,725
3 20.4 19.9 20.6 156 2,352 3,958 /264,236 / 268,194 447 15,794 /1 6,241
3 2 20.4 20.2 20.6 216 2,432 4,638 / 495,296 / 499,934 447 15,794 71 6,241
3 20.2 19.9 20.5 951 12,488 22,044 /9,169,031 / 9,191,075 573 /10,177 / 10,750
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system model is based on the one introduced in Section II, and ()
we will vary the number of TX chains K, CCs per chain L, and
the memory in the channels H and M between the scenarios.
Here, we concentrate on PIM distortion at wpx = —(L+1)wy, =
which corresponds to the closest negative third order IM band, = RX signal
. . — 81gné
i.e., the band 2wy below the first signal band (1 — L)wy, as s S5 Cancelled signal (HP) .
illustrated in Fig. 4. In order to utilize the HP method we have & Cancelled signal (WHLUT)
to separately define the BFs for each configuration of K and E -10 il
L. To find the BFs at —(L + 1)wp, we need to set {1 +{3 = {3 = s |
for the third order BFs, and ¢ + {5 + ¢35 = ¢4 + f5 for the ~
fifth order BFs in (7). The generated TX signals are SG NR 220 ! i i it o i e
compliant OFDM waveforms with 5 MHz bandwidth, and with 0 10 ZOT. : ]30 40 50
1me [ms

around 7 dB peak-to-average power ratio (PAPR). The signals
are generated at the fundamental frequency of 7.68 MHz, and
are oversampled by a factor of 16 for the purposes of the
cancellers. The utilized polynomial model coefficients g,, in (2)
in the system model are from a PA measurement, where least
squares fitting was used to identify the coefficients.

First, we will investigate the cancellation fidelity of the
introduced methods with single tap channels, which — as
mentioned previously — is a valid approximation in many
air-induced PIM scenarios. For both cancellers, we have set
M = 5 and 7 = 21 and in the WHLUT method H = 5,
C =11, and P; = 3. Table II shows the cancellation results
with four distinct scenarios, with two and three TX chains and
with two and three simultaneous CCs. In each of the scenarios,
the maximum available cancellation is around 21 dB, which

(b)

Fig. 5. Spectrum (a) and convergence curve (b) of the signals involved in the
cancellation with both considered methods, in the case K = L = 2, single
tap channels.

the cancellers are almost able to achieve, with only minor
residual powers from the received PIM signals. A snapshot of
the signal spectra as well as the convergence curves of the first
scenario, i.e., where K = L = 2 are shown in Fig. 5. From the
convergence curve, it is discernible that the convergence of the
HP model is extremely fast, taking only around 2 ms, while
the full convergence of the WHLUT model takes around 20
ms. Additionally, the computational complexity of both models
to in each scenario is presented in Table II. Here, we see



that to achieve the high cancellation fidelity in the HP model,
the computational complexity increases rapidly with increased
number of TX chain and/or CCs. Meanwhile, the computational
complexity associated with the WHLUT method also increases
with more CCs, however, the increase is not as drastic, and we
can see from Table II that only the total number of CCs affects
the complexity, not how they are assigned to the TX chains. It
is important to note here that the oversampling requirement of
the HP method is not as stringent as in the WHLUT method.
This stems from the WHLUT method requiring the products on
the carrier frequencies as well as the IM product information
in the main path, while the HP method operates solely on
the BFs of the IM product in question. Yet, the complexities
of the cases with more than four concurrent CCs (i.e., when
K > 2 and/or L > 2) are so high that even with reduced
sampling rate requirement the HP method still requires more
computations per time unit than the WHLUT method. We
can therefore conclude that both methods are able to model
and cancel the received PIM with high accuracy when single
tap channels are considered, with the HP method requiring
less time for convergence. This reduced convergence time is
achieved with high computational complexity, which rapidly
rises with increased parameter count. On the other hand, the
slightly slower convergence time of the WHLUT method is
achieved with much reduced complexity.

Lastly, let us consider the case K = L = 2 under channels
with memory effects. Fig. 6 presents the signals spectra and
convergence curves for both canceller models when each
channel has 3 pre- and post-cursor taps, while the center tap
is still the most significant. Due to our memoryless channel
assumption in the HP method, the achieved cancellation level is
reduced compared to the WHLUT method, where the channels’
memory effects can be modeled. It can be seen that the
cancellation achieved by the WHLUT method almost reaches
the noise floor, the achieved cancellation being around 19.9 dB
out of 20.5 dB maximum. Meanwhile, the cancellation of the
HP method is around 15 dB. Compared to the memoryless
channel case, the convergence time is now much longer: it
takes around 400 ms to reach convergence with the WHLUT
method, although a level of around 12 dB is reached already
at 8 ms.

V. CONCLUSION

This paper has investigated air-induced PIM in generic
MIMO scenarios. Unlike prior works, we allowed there to
co-exist any number of TX chains and CCs in each TX chain.
Leveraging on the assumption of single tap channels, we
introduced the Hammerstein polynomial model, where the
wireless channels and the nonlinear coefficients are lumped,
while a global filter after the nonlinear block models both the
potential memory of the nonlinear device and the wireless
channel back to the receiver. As a reference, we also showed a
slightly modified version of the Wiener-Hammerstein-type LUT-
based model, introduced in our earlier work. The measurements
and complexity assessment show that while the Hammerstein
polynomial model showcases excellent SI cancellation, the cost
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Fig. 6. Spectrum (a) and convergence curve (b) of the signals involved in the
cancellation with both considered methods, in the case K = L = 2, under
channels with memory effects.

in computations rises rapidly with the total number of CCs
in the system. On the other hand, the Wiener-Hammerstein
LUT-based method can operate with much reduced complexity,
and can achieve practically the same performance levels as
the polynomial-based model. In addition, the LUT-model can
cancel the SI when the SI channels have memory effects, while
the polynomial Hammerstein model suffers from the single tap
channel approximation.
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