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Passive intermodulation (P1M) is a phenomenon which occurs when at least two signals
are fed into a nonlinear passive device or circuit. Sources for PIM can be divided into
two groups, nonlinearities in metal junctions and nonlinear materials. The most com-
mon source for PIM is a loose or a bad metal connection. The problem is more in a base
station side because PIM requires high powers and a base station can have high trans-
mission (TX) power and receive (RX) power may be low. In addition, there are con-
nectors in use at base stations and antennas with metallic junctions. Furthermore, a base
station duplexer may have a high isolation between TX and RX port leading to a situa-
tion where intermodulation (IM) products due to TX power amplifier are attenuated
well and PIM which is generated after the TX band-pass filter becomes significant. PIM
is significant in the carrier aggregation technology, which uses more than one compo-
nent carrier. In carrier aggregation, component carriers can be allocated non-
contiguously on one or more frequency bands. If the duplex spacing is narrow, high-
power 3" order PIM products may fall on RX frequency band and desensitize the trans-
ceiver’s own receiver.

Digital IM cancellation is based on estimating how TX signals are modified at the path
to the receiver by taking and processing samples of the received signal. Then the main
idea is to regenerate replicas of IM products and subtract them from the received signal.
The aim in this thesis is to demonstrate that PIM products, which are generated after the
TX band-pass filter, can be reduced with digital cancellation. The duplexer that is used
in measurements is a frequency band 1 base station duplexer which has 190 MHz du-
plex spacing. Because of that, lower than 7" order IM products are not in the RX fre-
quency band. For a reproducible test setup, a nonlinear connection at the antenna port of
the duplexer is emulated with a diode.

The diode circuit generated high-power IM products already with +20 dBm TX power
at the antenna port and with this power the TX filter completely attenuated the IM prod-
ucts due to the power amplifier. With the digital cancellation, the 7" order IM product
was successfully attenuated by 6 dB to 14 dB depending on the TX power. These meas-
urement results demonstrate that it is possible to reduce PIM interference with digital
cancellation. However, in this thesis the duplex spacing was considerably wide and
therefore the most high-power 3™ order IM products could not be measured. For future
research it would be important to measure how digital cancellation works when the du-
plex spacing is narrow and PIM product power is higher but the order is lower.
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Passiivinen intermodulaatio (P1M) on ilmid, joka aiheutuu kun vahintdan kaksi signaalia
syotetadn epélineaariseen passiiviseen laitteeseen tai piiriin. PIM lahteet voidaan jakaa
kahteen ryhmaéan, epalineaarisiin metallikontakteihin seka epalineaarisiin materiaalei-
hin. Yleisin PIM l&dhde on huonosti kytketty liitin. PIM on l&hinn& tukiasema puolen
ongelma, koska sen syntyminen vaatii suuren tehon ja tukiasemalla lahetys (TX) teho
voi olla suuri ja vastaanotto (RX) teho saattaa olla pieni. Lisaksi tukiasemalla on kay-
tossé liittimid ja antennin rakenteessa on metalliliitoksia. Tadman lisaksi tukiaseman dup-
lekserin TX ja RX portin isolaatio voi olla suuri, minkd& vuoksi TX tehovahvistimen
tuottamat intermodulaatio (IM) komponentit vaimentuvat hyvin ja TX kaistanpaas-
tosuotimen jalkeen syntynyt PIM muuttuu merkittavaksi. PIM on merkittdva carrier
aggregation tekniikassa, joka kéyttdd useampaa kantoaaltoa. Carrier aggregation mah-
dollistaa epéjatkuvan kantoaaltojen yhdistdmisen yhdelld tai useammalla taajuuskaistal-
la. Jos dupleksointi vali on kapea, korkea tehoinen 3. kertaluvun PIM komponentti voi
olla RX taajuudella ja hdirita Idhetin-vastaanottimen omaa vastaanotinta.

Digitaalinen kumoaminen perustuu TX signaalien muokkaantumisen ja kytkeytymisen
arviointiin, joka toteutetaan ottamalla ja prosessoimalla ndytteita vastaanotetusta signaa-
lista. Perustana on generoida kopio IM hairiostd ja vahentda se vastaanotetusta signaa-
lista. Tavoitteena tassé opinnéytteessa on todentaa, ettd digitaalisella kumoamisella voi-
daan vahentdd PIM hairioita, jotka ovat muodostuneet TX kaistanpaastosuotimen jal-
keen. Duplekseri, jota kdytettiin mittauksissa, on taajuuskaista 1:n tukiasema duplekseri,
jolla on 190 MHz:n dupleksointi véli. Sen vuoksi alle 7. kertaluvun IM komponentit
eivét ole RX taajuuskaistalla. Jotta testisysteemi olisi toistettavissa oleva, epalineaarista
liitosta duplekserin antenni portissa on emuloitu diodilla.

Diodipiiri aiheutti korkeatehoisia IM komponentteja jo +20 dBm antenni portin TX te-
holla ja kyseiselld teholla TX suodin vaimensi kokonaan tehovahvistimen aiheuttamat
IM héiriot. Digitaalisella kumoamisella pystyttiin vaimentamaan 7. kertaluvun IM kom-
ponenttia 6 — 14 dB riippuen TX tehosta. Namé& mittaustulokset osoittavat, ettd PIM
héiridita voidaan vahentad digitaalisella kumoamisella. Kuitenkin téssa opinnédytetydssa
dupleksointi vali on merkittavan suuri, minka vuoksi korkeampitehoista 3. kertaluvun
IM komponenttia ei ollut mahdollista mitata. Tulevissa tutkimuksissa olisi tarkeda mita-
ta kuinka hyvin digitaalinen kumoaminen toimii, kun dupleksointi véli on kapea ja PIM
komponentin teho on korkeampi, mutta kertaluku on pienempi.
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1. INTRODUCTION

Data transmission in mobile devices is growing all the time because modern mobile
phones can be used, for example, to Internet browsing and video streaming. Further-
more, it is possible to connect email accounts into the mobile phone and several applica-
tions may use data transmission, and consequently mobile phones are almost constantly
using data transmission. The growing data usage in mobile devices and the growing
number of devices demands higher data rates which require wider bandwidths and better
flexibility in data transmission. International Mobile Telecommunications-Advanced
(IMT-Advanced) standard has set requirements for peak data rates to 100 Mbit/s or
1 Ghit/s depending on the device mobility speed [1]. To achieve these data rates, new
techniques have been developed and are further developed. These techniques are, for
example, higher modulation techniques, multiple antenna usage and carrier aggregation
(CA) [2].

The CA technique is based on aggregating more carriers for one user equipment (UE)
which enables wider bandwidths for data transmission [2]. In the frequency division
duplex (FDD) technique, the transmitting signal and the receiving signal uses different
frequencies [3, p. 9]. In this type of transceiver, where transmitting and receiving are
done simultaneously, CA may cause intermodulation (IM) problems. IM is generated
when two or more signals with different frequencies are fed into a nonlinear system [4,
p. 503]. If these signals have closely separated frequencies, IM products can be close to
the original signals [4, p. 503]. In non-contiguous intra-band CA, component carriers
(CCs) center frequencies are close to each other and the most high-power 3™ order IM
product may be at receiver’s frequency band if the duplex spacing is narrow. A signifi-
cant source for IM is a power amplifier (PA) which is driven close to the saturation to
achieve better power efficiency. These IM products due to a PA can be attenuated with
a band-pass filter in the transceiver’s duplexer. The duplexer isolates transmitted and
received signals which both use the same antenna. Even though the IM products can be
attenuated with the filter in the duplexer, the attenuation may not be enough when the
received signal is significantly weaker [5, pp. 1-2]. Therefore, either the transmission
(TX) power has to be lowered or the isolation in the duplexer increased by using filters
with higher attenuation. However, both of these options have disadvantages because
decreasing TX power decreases also the transceiver’s coverage and increasing the at-
tenuation will decrease the power efficiency and increase the filter’s cost and complexi-
ty [3, p. 56]. One solution for this is a digital cancellation which is based on generating
a replica of IM products and then subtracting it from the received signal. Some methods
for digital IM cancellation are presented in studies [3] and [5]. However, those studies



are concentrated on the IM products generated in a nonlinear PA which is usually the
most significant source of IM in a transceiver.

In a mobile UE the digital cancellation is important solution because it can reduce isola-
tion requirements of the duplexer which decreases the size, cost and power consumption
of the device. However, on a base station side the size and power consumption are not
such problems as in mobile devices. Nevertheless, a base station transmitter may use
much higher TX power than a mobile UE but still the received signals may have equal
powers which require more isolation from the duplexer. The high TX power may also
cause another problem known as passive intermodulation (PIM) [6]. The phenomenon
is IM which is generated in nonlinear passive components or objects, like connectors,
damaged cables or nonlinear materials. With powers high enough, a loosely connected
connector, an antenna, ferromagnetic materials and also corroded materials may have a
nonlinear response which causes PIM [6] [7]. These PIM products powers are lower
than with IM products due to PA but the difference is that PIM can be generated be-
tween the duplexer and the antenna. Therefore, PIM products might be produced after
the TX band-pass filter and in the worst scenario a high-power PIM product frequency
is at receive (RX) band. This may lead to a situation where the desired RX signal is in-
terfered or completely blocked by the PIM interference. Digital cancellation is useful
also in this problem because it can be used to reduce PIM products which are generated
after the duplexer TX filter. In conclusion, the digital cancellation is important in a mo-
bile UE because it can reduce the size, cost and power consumption of the duplexer. In a
base station the importance is that it can decrease the cost and mitigate PIM products
which cannot be attenuated with the duplexer’s filters.

In this thesis the focus is in the base station side where the duplexer isolation can be
much higher than in mobile UE leading to the situation where PIM may become the
most significant source of IM. With lower duplexer isolation or TX power the PIM may
not be such a significant source compared to the IM due to the transceiver’s PA. The
scope of this thesis is to demonstrate that PIM products, which are generated after the
TX filter as a cause of CA transmission in nonlinear components, can be reduced with
digital IM cancellation. The measurement setup contains a base station PA and duplex-
er, and to achieve reproducible test, the PIM is generated with a diode. The diode is
emulating a nonlinear connection between the duplexer and the antenna because diode’s
resistance depends on the current flowing through it.

The structure of this thesis is following. The second chapter introduces the harmonics
and IM as phenomena in nonlinear systems and explains which are the frequencies and
bandwidths of these products. Later in the same chapter PIM and common sources of it
are explained, and also a comparison to the IM generated in active circuits is given. Fi-
nally in Chapter 2, a discussion is given about the issues caused by IM and how PIM
can be tested. In the third chapter, the CA technique and some general requirements for
unwanted emissions are presented. It is also explained why the non-contiguous intra-



band CA with narrow duplex spacing is more vulnerable for IM and how IM products
can be prevented or digitally cancelled. In Chapter 4, the measurement setup is present-
ed and it is also explained how PIM is emulated with a diode circuit between the du-
plexer and the antenna. The results of the measurements and discussion of them are giv-
en in the fifth chapter. In the sixth chapter, conclusions are given where the thesis topic
and obtained results are summarized.



2. HARMONICS AND INTERMODULATION
PRODUCTS

In a linear system or device, the output response is proportional to the input excitation
in all cases [4, pp. 500-501]. A nonlinear system does not have exactly proportional
output response with all input powers [4, pp. 500-501]. Semiconductors, like a diode,
behave nonlinearly because diode’s current is not directly proportional to the voltage,
which is usual behavior for semiconductors. In addition, amplifiers behave nonlinearly
because they contain semiconductors and they are limited by operating voltages which
causes the saturation of the amplifier. Besides of active circuits containing semiconduc-
tors, also passive circuits may behave nonlinearly [6] [7]. These nonlinear circuits cause
harmonics and also IM products. IM due to a nonlinear passive circuit is called PIM.

Harmonics are new frequency components which have integer multiple frequencies of
the original signal frequency [4, p. 503]. When more than a single frequency component
are present in the input, also IM products are generated which are sums and differences
of the two original signals and harmonics [4, p. 503]. First in this chapter, generation of
harmonics, IM and PIM are explained. Also discussion of avoiding PIM and compari-
son to IM due to active circuits are given. Finally in this chapter, issues due to IM and
testing of PIM are introduced.

2.1 Harmonics in a Nonlinear System

To find out why harmonics are generated in a nonlinear system, it is needed to approx-
imate the output response of the system. The output response can be estimated with
Taylor series like in Equation (2.1) where y is the output and x is the input of the sys-
tem at instant time, and a,, a,, a, and a; are Taylor coefficients [4, p. 501]. Only the
first four terms of the approximation are introduced in Equation (2.1).

Yo = Ao + a1x + ax? + azx3 ... (2.1)

Assume next that the input signal to the system is a sinusoid signal with amplitude 4,
and angular frequency w,. This input signal is shown in Equation (2.2) where v;(t) is
the input voltage which is a function of time t.

v;(t) = Ay cos(wyt) (2.2)



By substituting Equation (2.2) to the output approximation, the output can be formed
according to Equation (2.3). In this output approximation, only the first three terms
from Taylor series are presented for simplicity.

v, (t) = ay + a4, cos(wot) + ayA3 cos?(wpt) + -+ (2.3)

In Equation (2.3), the output v, (t) is voltage as a function of time. To expand the out-
put approximation, trigonometric formula shown in Equation (2.4) can be adopted [8, p.
120].

cos?(a) = % + %cos(Za) (2.4)

The output of the system can be now expanded as in Equation (2.5) by adopting the
trigonometric formula shown in Equation (2.4).

1
vo(t) = ag + a4, cos(wyt) + EazA(Z)(l + cos(2wyt)) + -+ (2.5)
Now it is seen that there is a second harmonic in the output with angular frequency of
2wg. Also other harmonics can be solved from the Taylor series approximation by in-
cluding more terms to the output approximation.

Harmonics can be typically filtered out easily from the output because they are multi-
ples of the original frequency and therefore they are far from the desired signal frequen-
cy [4, pp. 503-504]. However, the situation usually is not this simple and it is more like-
ly that multiple signals with different frequencies are fed in the input of the system.

2.2 Intermodulation

The output of the system becomes more complicated when two sinusoid signals with
different frequencies are fed in the input. This kind of input signal can be like in Equa-
tion (2.6) if both signals have the same amplitude.

v;(t) = Ag cos(wqt) + Ay cos(w,t) (2.6)

Now the input signal consists of two signals with angular frequencies w; and w, and
the amplitude is A, for both of the signals. Like in harmonics, Equation (2.6) can be
substituted to the Taylors series approximation which gives Equation (2.7).

v, (t) = ag + a;4¢(cos(w4t) + cos(w,t)) (2.7)
+ ayA3(cos(w t) + cos(w,t))?
+ azA3(cos(w t) + cos(w,t))3 + -+



In Equation (2.7), the first four terms from the Taylor series approximation are present-
ed. To find out which frequency components will be in the output of the system, the
approximation must be expanded. For this, the Binomial theorem and the trigonometric
identities shown in Equations (2.8), (2.9), (2.10) and (2.11) can be adopted [8, p.
30;118;120].

(a + b)? = a® + 2ab + b? (2.8)
(a+ b)® =a®+ b3+ 3ab(a+b) (2.9)
2 cos(a) cos(b) = cos(a — b) + cos(a + b) (2.10)
cos3(a) = zcos(a) +%cos(3a) (2.11)

To expand the third and fourth term from Equation (2.7), Equations (2.8) and (2.9) are
adopted, which forms Equation (2.12).

1, (t) = ag + a1 Ag(cos(w t) + cos(w,t)) + a,A3(cos?(w,t) (2.12)
+ cos?(w,t) + 2 cos(w;t) cos(w,t))
+ azA3(cos®(w t) + cos®(w,t)
+ 3 cos(w,t) cos(w,t)(cos(wqt) + cos(w,t))) + -+

The cosine exponential functions can be expanded by adopting Equations (2.4) and
(2.11). Also Equation (2.10) can be adopted to expand the cosine multiplications, which
forms Equation (2.13).

v, (t) = ay + a1 Ay (cos(w,t) + cos(w,t)) (2.13)

+ a,A3 (1 + 1cos(2wlt) + 1 + 1cos(Zouzt)
2 2 2 2

+ cos(w,t — w,t) + cos(w;t + wzt))

3 1 3
+ azA3 <Z cos(w,t) + 2 cos(3w t) + 7 cos(w,t)

1
+ Zcos(Swzt)

+ ; (cos(wt — w,t) + cos(wyt + w,t)) (cos(w,t)
+ cos(wzt))> + -

In Equation (2.13) the expanded third term of Taylor series shows that there are new
components with angular frequencies 2w,, 2w, and w; + w,. These components are
still very far away from the original signals if the original signals are relatively close to
each other. From the expanded fourth term of Taylor series it can be already seen that



there are also new frequency components with angular frequencies 3w; and 3w, which
also are far from the original frequencies and therefore easily to be filtered out. To find
out which other new frequency components are generated in a nonlinear circuit, the last
two factors of Equation (2.13) can be expanded by multiplying which is shown in Equa-
tion (2.14).

;(COS(a)lt — w,t) + cos(w;t + w,t))(cos(wt) + cos(w,t)) (2.14)

3
=3 (cos(w,t — w,t) cos(wt)

+ cos(w;t — w,t) cos(w,t)
+ cos(w 1t + w,t) cos(wqt)
+ cos(w t + wyt)cos(w,t))

The results of Equation (2.14) can still be expanded by adopting Equation (2.10) and
also by knowing that cos(—x) = cos(x) [8, p. 117]. This expanding is shown in Equa-
tion (2.15).

3 2.15
> (cos(w,t — w,t) cos(w,t) + cos(w,t — w,t) cos(w,t) (2.15)

+ cos(wt + w,t) cos(w,t) + cos(wt + w,t)cos(w,t))

3 3 3
= Ecos(wlt) + Ecos(wzt) + Zcos(Za)lt — wyt)

3 3 3
+ Zcos(szt — wqt) + Zcos(Zwlt + w,t) + Zcos(szt + w4t)

From Equation (2.15) it is seen that there are new frequency components with angular
frequencies of 2w, + w, and 2w, *+ w;. In conclusion, when there are multiple signals
present in the input of a nonlinear system, it causes several new frequency components
to the output. These frequency components are integer multiples (harmonics) of the
original signals, and also sum and difference frequencies of the original signals and
harmonics [4, pp. 500-504]. Those sum and difference frequencies are called IM prod-
ucts and those frequency components may be very close to the original signals which
can cause problems. IM products frequencies are the form of Equation (2.16) [4, p.
503].

fiu = nfi +mf, (2.16)

Where f;,, is the frequency of the IM product, f; and f, are frequencies of original sig-
nals, and n and m are integer coefficients. The order of the IM product is the sum of the
integer coefficients n and m [4, p. 503]. For example, 2w, + w, is a 3" order and
3w, + 2w, is a 5™ order IM product. These odd order IM products are close to the orig-
inal signals if the original signals are relatively close to each other. To exemplify har-
monics and IM products in frequency domain, an example output spectrum is shown in



Figure 2.1. As seen from Figure 2.1, only 3 and 5™ order products are close to the de-
sired signals and other frequency components are relatively far. Frequency is represent-
ed with f in Figure 2.1.
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T T T T T T >

Figure 2.1 Example output spectrum of a nonlinear device. The spectrum contains
original signals f; and f,. Also harmonics, and 3" and 5" order IM products are pre-
sented in the spectrum.

With modulated signals, the bandwidth of the IM product is wider than the original sig-
nals bandwidths and the higher the order of the product is the wider is the bandwidth
[6]. If both original signals have the same bandwidth then the IM product bandwidth is
the original signal bandwidth multiplied with the IM product order number [9]. But if
the bandwidths of original signals are different, then the IM product bandwidth can be
calculated with Equation (2.17).

In the equation, BW,,, is the bandwidth of IM product, BW,; and BW, are the band-
widths of original signals, and n and m are the same integer coefficients used in Equa-
tion (2.16). Equation (2.17) can be explained with an example, where the first signal has
10 MHz bandwidth and the second signal has 20 MHz bandwidth. The first signal fre-
quencies can be, for example, between f; ;,, = 2100 MHz and f; y;gn = 2110 MHz
and the second signal between f; ;,, = 2150 MHz and f; y;4, = 2170 MHz. Accord-
ing to these, the 3™ order IM product frequency range can be calculated from these
boundary frequencies of the original signals by adopting Equations (2.18) and (2.19).

f1M3,Low = 2f1,Low - fz,High (2.18)
f1M3,High = 2f1,High - fz,Low (2.19)

In these equations, fius Low 1S the lowest and fiys nign is the highest frequency of the
3" order IM product. Equation (2.18) gives 2030 MHz for the low limit and Equation
(2.19) gives 2070 MHz for the high limit with the example frequencies given. In con-
clusion, fimsmign — fim3,Low = 40 MHz is the bandwidth of the 3" order IM product



which is 2BW; + BW,, which is the same form as Equation (2.17), with given example
frequency values.

Furthermore, IM products may have very small amplitude with small input powers, but
when the input power increases the IM products power increases more than the desired
signals power [4, p. 504]. Increasing the desired signal output power by 1 dB will in-
crease the 3" order IM product power approximately by 3 dB and also other IM prod-
ucts will increase by the slope of the product order number [4, p. 504]. This phenome-
non is seen from Equation (2.13) where the 3 order signals amplitudes increases A}
related to the input signal amplitude [4, p. 504]. This will lead to the situation where
faster growing IM products may block out desired signals, when the input power is in-
creased.

In conclusion, the IM happens in nonlinear systems which are for example nonlinear
components and PAs. Semiconductors behave nonlinearly which makes them to be sig-
nificant source of IM. PA contains semiconductors and it is also limited by the opera-
tional voltages, which is the reason that PA output response is nonlinear. The reason
why PAs are operated near the saturation point is that the power efficiency is better.
Reason for this is that the highest power efficiency for the PA can be achieved at the
PA’s saturation point [10, p. 524]. PAs are one major source of IM and because of that,
it is important to design a PA to be as linear as possible.

2.3 Passive Intermodulation

Not only active components behave nonlinearly, but also passive circuits and compo-
nents may have a nonlinear output response [4, p. 509] [6] [7]. If IM is generated due to
a passive nonlinear circuit or component, the phenomenon is called PIM. PIM occurs at
the same frequencies with IM products which are generated in active circuits, but usual-
ly PIM requires much higher powers to appear [11] [12]. This makes PIM more of a
base station problem because at a base station high-power TX signals can be used and
RX signals may have low power levels. Furthermore, the base station may contain sev-
eral connectors and cables between different modules of the transceiver, which also
make it vulnerable to PIM. This is because common PIM sources are connectors, dam-
aged cables and antennas [7] [11]. Also old equipment, ferri- and ferromagnetic materi-
als may generate PIM [6] [12]. Furthermore, PIM may be generated outside of the sys-
tem like in corroded objects nearby the antenna [6] [7].

Sources of PIM can be divided into two groups which are the dominant reasons for the
PIM [7]. First, the metallic contacts nonlinearity in connectors and antenna structures
can behave nonlinearly [12]. This may be, because of not properly tightened connectors
in transmission line or due to a damaged connector. Also contamination and oxidation
in metallic contacts may generate PIM. The second group is nonlinear materials which
are, for example, ferri- and ferromagnetic materials [12]. This is because of nonlinear
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hysteresis effects in ferromagnetic materials, like iron or nickel and also some alumi-
num and copper alloys [6] [7]. Ferromagnetic materials are significant sources of PIM
and their usage should be avoided in transceivers [6]. Ferrimagnetic materials may also
generate PIM and transceivers might contain ferrimagnetic materials. For example, an
isolator, phase shifter or circulator may be implemented with ferrimagnetic materials [4,
p. 441] and if ferrimagnetic materials are used, they should be optimized for low PIM

[6].

The source of PIM can also be outside of the system, for example, a corroded metal
object nearby the antenna may generate PIM [6] [7]. This can happen if the transmission
signal reaches the corroded object with high power. PIM is generated in corroded ob-
jects because of their semiconducting oxide layer on the metal [6]. This phenomenon is
also known as Rusty Bolt Effect [6].

2.3.1 Passive Intermodulation in Metal to Metal Connections

Connectors are probably the biggest source of PIM [7] [11] and the reason for this non-
linear behavior in metal to metal connections, like in connectors, is that the connection
is not perfect. There are always some very small gaps between two metal surfaces
which can make the junction to be nonlinear at high powers or at a certain frequency.
Furthermore, metal surfaces may have a very thin oxide layer and this layer and the air
in the gaps form a thin insulator [6].

Because of the insulating layer between metal surfaces in the connection, the junction
can have semiconductor like behavior [7]. This is because when the power increases in
the conductor, the possibility for electron tunneling increases [13]. This phenomenon is
also known as quantum tunneling and it means that electron may tunnel through a thin
insulating layer with some probability [13]. The insulator between the metals forms a
potential barrier and even if the electron does not have enough energy to go over this
potential barrier, it may tunnel through it with some probability. Electron tunneling will
increase the current in the junction and therefore decrease the resistance of the junction
when the power increases. This electron tunneling is a significant reason for PIM, but
usually it can happen only in very thin insulating layers [6] [14]. If the insulating layer
is wider than 10 nm, the electron tunneling is not very potential to happen [6] [14].
Even when the layer thickness exceeds 2 nm, the possibility for electron tunneling drops
significantly [15]. But if the junction is porous, for example, the corrosion has made
porous oxide layer between metals, then the electron tunneling is possible even in thick-
er than 10 nm insulating layers [6].

Furthermore, the high power may also enable the Schottky effect where electrons have
enough energy to exceed the potential barrier [6]. This Schottky effect also decreases
the resistance of the junction as the power increases. Also, electric discharges may
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cause PIM and also create new metallic contacts spots in the junction, which increases
the conducting area [6].

Alternatively, if there is a high current density in the junction, it will heat the connector
which will enlarge the existing gaps [6]. The connection may also be heated because of
the sun light or other outside source [6]. These expanding gaps will lower the probabil-
ity of tunneling, which increases the resistance of the junction. Also the temperature
change itself changes the resistance, because the resistivity of the metals will change.
Because of this, it is important to avoid high current densities [7].

In conclusion, in metal junctions there are always small gaps between two metal surfac-
es. This can cause nonlinearity to the junction and therefore generate PIM products.
Contamination, abrasion and dust may lead to wider gaps which can make the insulating
area of the connector to be thicker. Furthermore, dirt and possible metallic particles in
the connector may cause nonlinear behavior [7]. All these reasons may cause PIM and
therefore it is important that connectors are clean, properly tightened and not corroded.
However, connectors are not the only source that generates PIM due to the electron tun-
neling and micro discharges. The other major source of PIM is the antenna of the trans-
ceiver [12] [13]. The antenna structure may also contain metal to metal junctions and it
is also exposed to the environment temperature and humidity changes, which can lead
to the corrosion. Therefore, the antenna may also generate PIM due to weak or corroded
metallic contacts and it might even contain nonlinear materials [12]. Furthermore, there
might be small cracks in the metallic structures, in which may also occur electron tun-
neling or small breakdowns [12].

2.3.2 Avoiding Passive Intermodulation

Because PIM may become a significant issue, especially at base stations, it is important
to design the transceiver system to avoid PIM. First of all, any nonlinear materials, like
ferromagnetic materials or carbon fiber, should not be used near the transmission lines
or in the components which are used [7]. Also the current densities should be kept low
to avoid heating and expanding of the metal junction gaps. Furthermore, the number of
the connectors should be as low as possible, because they are the most common source
of PIM, and also the cable lengths should be kept short [7].

Because the connectors are a big source of PIM, they should be designed for low PIM.
Some connectors may contain ferromagnetic materials, like nickel or steel under the
gold coating and they are definitely significant source of PIM [16]. Although, increas-
ing the thickness of the gold plate will decrease the PIM, because the current density in
ferromagnetic material decreases [16]. However, the PIM power level is related to the
frequency, because the current density in the connector depends on the skin effect and
with higher frequencies the current density increases on the connector surface. The PIM
also depends on the connector size because with larger junction areas the current density
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is lower. However, sometimes the size and the prize of the connector may determine,
but there are connectors which are designed for low PIM. For example, DIN 7-16 con-
nector is designed for low PIM and it has significantly lower PIM than SMA, BNC or
N-connectors [6] [17]. The SMA-connector may have even 65 dB higher 3™ order PIM
than with the DIN 7-16 connector when two signals of +43 dBm power is fed, this is
shown in [17]. However, it is notable that this is only a result from a one research and it
is relative to the used frequency, power and specific connectors. Although, it still
demonstrates how a smaller SMA connector is more vulnerable to PIM than a large
DIN 7-16 connector which is designed for low PIM.

Designing and using the low PIM components and connectors is not enough for avoid-
ing the PIM products. A base station is exposed to the environment variables, contami-
nation and corrosion. Therefore, it is important that the building and the maintaining of
the base station are done properly. The connectors have to be tightened properly to
avoid the PIM products, but overtightening may damage the connector and can possibly
create metal particles inside the connector. Also the temperature variation may loosen
the connectors, which makes the maintenance important. Furthermore, the connectors
should be kept clean of dirt and corrosion. It is also important to pay attention into dam-
aged cables and corroded objects at the antenna vicinity during the maintenances.

2.4 Differences between PIM and IM in Active Circuits

Although the phenomenon is the same in both, PIM and IM in active circuits, there are
some differences. PIM requires higher powers but in active circuits, IM may appear
even with low-power input signals, if the circuit is highly nonlinear. PIM may also be
generated outside of the transceiver system when there is a corroded object nearby the
high-power transmitting antenna [6].

In the transceiver, PIM may occur in different locations than IM generated in active
circuits. To define this in more specifics, a simplified block diagram shown in Figure
2.2 is representing a part of a transceiver.



13

X PA \1:

TX
Duplexer ANT

RX

RX € LNA

Figure 2.2 Simplified transceiver block diagram which contain PA, duplexer, antenna
and low-noise amplifier (LNA). The antenna port is marked as ANT.

In Figure 2.2, there are only two amplifiers and a duplexer. The PA amplifies TX signal
which goes to the duplexer. The duplexer has TX band-pass filter which in ideal case
filters out completely all frequency components which are not in TX band. The filtered
TX signal goes to the antenna port and is then transmitted. The RX signal comes from
the same antenna and goes through the RX band-pass filter to the duplexer’s RX port
and then to the low-noise amplifier (LNA). In this simplified block diagram there are at
least two possible active IM sources which are the nonlinear amplifiers, the PA and
LNA. However, there are several possible sources of PIM depending on the physical
implementation of the transceiver. The amplifiers and the duplexer may be different
modules and connected to each other with cables and connectors. Also there are usually
connectors between the duplexer and the antenna if the transceiver is a base station
transceiver and not a mobile UE transceiver. Furthermore, the antenna itself is a possi-
ble source for PIM and also possible corroded objects nearby the antenna.

In conclusion, the source of PIM can be in several locations in the transceiver system
and compared with IM due to active devices, PIM source may be also after the TX fil-
ter. Furthermore, IM due to active devices can be more predictable than the PIM
sources, because PIM may be caused for several different reasons. It is also possible that
the duplexer contains a circulator which is implemented with ferrimagnetic materials
and therefore it can be a PIM source. However, the circulator may be active and use
semiconductors instead of ferrimagnetic materials.

2.5 Issues Caused by the Intermodulation

IM is usually an unwanted phenomenon because it causes unwanted emissions which
can be significantly close to the desired signals making them difficult to filter out [4, p.
504]. It is also possible that the IM products are at the operating RX band of the trans-
ceiver system. Because of the finite isolation of the duplexer, the IM products may leak
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into the RX chain of the transceiver [3, p. 56]. To define the issue in more specifics, an
example of a base station transceiver’s spectrum is shown in Figure 2.3 which contains
two CCs, and 3" and 5™ order IM products which are marked as IM3-, IM3+, IM5- and
IM5+. Furthermore, the duplexer’s band-pass filters stop-band attenuation is demon-
strated in the figure.

RX Filter TX Filter

A

L

I~
IM5- =T | IM3- IM3+ | | IM5+
1 1 [ [ [ [ [ [

fRXl fRXZ fTXl fTXZ

Figure 2.3 Example of transceiver’s spectrum Where black rectangles represents TX
signals, red represents 3™ order IM products and blue 5" order IM products. The filter
curves represent the stop-band attenuation.

As seen from Figure 2.3, the filters’ stop-band attenuations are not ideal and therefore
IM products may leak to the RX chain of the transceiver. In the worst case, the IM
product frequency is directly at the transceiver’s own RX operating frequency. Because
the desired RX signals may be considerably weaker than the IM products, the IM inter-
ference may block completely the desired RX signal [5, pp. 1-2]. However, this is a
problem only in a FDD technique where the transmitting and receiving are done simul-
taneously.

The IM products may not only cause disruption to the transceiver’s own receiver, but
also to the other receivers if the IM products are transmitted [6]. Especially in a situa-
tion, where a transmitting antenna and another receiver antenna are close to each other.
Even though the IM product may have significantly low power, it can still raise the
noise floor, because higher order products have wide bandwidths [6].

In conclusion, even that the TX filter can attenuate remarkably unwanted emission it is
still possible that PIM products are transmitted to other receivers or leaked into the RX
chain. This is because PIM may be generated after the TX filter, for example in the an-
tenna structure or in the connectors between the duplexer and the antenna. Furthermore,
old equipment may also start causing PIM because they may not be designed for new
frequencies which might be taken into use.
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2.6 Testing of the Passive Intermodulation

To test PIM, it is needed to generate the PIM products with two test signals, whose fre-
quencies are closely spaced. The PIM testing can be divided into two groups, radiating
and non-radiating measurements [7]. In radiating testing, the TX signals are sent from
an antenna to the device under test (DUT) and the signals are received with another an-
tenna. The PIM products are then filtered from the RX signals [7]. The radiating testing
can be used, for example, for testing an antenna in an anechoic chamber, but the control
of the environmental parameters might be difficult [7].

The non-radiating testing can be done with reverse or forward testing [6]. In reverse
testing, two signals are transmitted into the DUT through the duplexer and the reflected
PIM products are measured from the RX port of the duplexer [6] [7]. This measurement
can be done only for the DUT or for the whole transceiver system with several possible
sources of PIM. However, measurements with two fixed frequency test signals may not
give accurate results, because depending on the electrical lengths of the cables, the re-
flected signals may add or cancel other signals [6]. Therefore, this type of measurement
should be done with one fixed frequency and with one sweeping frequency. Another
possibility is to do this measurement two times where the second measurement uses
different frequency with the other test signal and then results can be compared. In Figu-
re 2.4 is the block diagram of the reverse PIM testing for the DUT.

—_—> .
Test signals Combiner
EE—

A4

Duplexer DUT > Load

RX —€&—————o Filter €

Figure 2.4 The test signals have closely separated frequencies and reflected PIM
products generated in DUT is measured from the duplexer’s RX port. The filter is used
to filter out the test signals.

The components used in the PIM measurement should be as linear as possible to
achieve low IM generation in measurement devices. The load is also one possible
source for PIM and it should be as linear as possible [7]. To get more accurate results,
the system should be measured first without the DUT to get the residual IM power level
of the test system [6].

The forward testing can be done with examining the output of the DUT or transceiver
system. Similar to the reverse measurement, two test signals are fed into the DUT or to
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the system. After the DUT, the PIM products are filtered and measured from the output.
The PIM products can be extracted from the output signal with a coupler and filter [6]
[7]. A block diagram of forward PIM testing for DUT is shown in Figure 2.5.

E—
Test signals Combiner > DUT > Coupler > Load
—
RX <€ Filter <

Figure 2.5 Like in the reverse testing, the test signals are fed into the system and PIM
generated in DUT is measured. In Forward testing PIM is measured after the DUT with
a coupler and filter.

As in the reverse testing, the measurement equipment should be designed for low PIM
and now the coupler is also a possible source to generate PIM [7]. With the forward
testing it is also possible to measure an antenna, but instead of the coupler and load,
there is another antenna for receiving the PIM products. However, the forward testing is
not as common as reverse testing [6].

In general, it is needed to make sure that the measurement instrument, which examines
the PIM signals, is not in saturation. If the measuring instrument is saturated, it may
generate also IM and due to that the results are not correct [18, p. 371]. Fortunately it is
easy to verify that the measuring equipment is not generating IM, by adding an attenua-
tor into the input port of the instrument. If the power levels of the IM products decrease
as much as the added attenuation was, then the instrument was not generating IM prod-
ucts. However, if the power levels of the IM products dropped more than the value of
added attenuation, then the instrument was in saturation. Attenuation needs to be added
until the decrease of power levels is the same as the value of added attenuation [18, p.
371].

As discussed in Section 2.3 the system has to use high-power TX signals to generate
PIM products. Currently there are no specific power levels defined, which have to be
used in PIM testing in a cellular system [6]. Also there are no specific limits for gener-
ated PIM level, because it depends on the used powers in test signals. The only specifi-
cation related to PIM is IEC 62037 standard which is developed for the component
manufacturers to enable the comparison of linearity between different devices [6]. The
IEC 62037 standard was published in 1999 and it is replaced with new standard series
which are published in 2012 and 2013 [19]. The IEC 62037 standard recommends that
the power of test signals should be +43 dBm (20 W), which is the power that many
manufacturers have been using in PIM testing [6] [20]. However, this standard is only
for comparing components and it does not specify any limits for PIM, but The Interna-
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tional Electrotechnical Commission is developing a new standard for PIM limits [20].
This task is assigned for Technical Committee 46 Working Group 6 (TC 46/WG 6)
[21].

However, even though there are not exact limit specifications for PIM in single compo-
nents, there are specifications for unwanted emissions in wireless communication.
These specifications define the power density limits for unwanted emissions at UE and
base station transceivers. These specifications categorize unwanted emissions into three
groups which are in-band emissions, out-of-band (OOB) emissions and spurious emis-
sions [22]. In-band emissions are emissions at the TX operating frequency band. OOB
emissions frequency range starts from the edges of the operating TX frequency band.
Finally, the spurious emissions are emissions outside of the OOB and in-band region
[23, p. 121]. These unwanted emissions maximum power density limits are specified
depending on the used transmission technique, operating frequency band and band-
width. In Section 3.3, some of the general unwanted emission limits for a base station
transmitter are introduced.
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3. CARRIER AGGREGATION AND INTERMODU-
LATION DISTORTION CANCELLATION

Mobile data transmission has been growing rapidly in the past years because the number
of wireless devices has been growing. Modern mobile devices also enable, for example,
the using of Internet and video streaming. Furthermore, different applications in wire-
less devices are using data transmission and it is more likely that the UE is almost con-
stantly connected to the cellular network. In addition, video streaming, for example,
requires significantly wide transmission bandwidth which also sets up challenges for the
cellular network. First solution for this rapidly increasing data transmission was Long
Term Evolution (LTE) which was introduced in 3™ Generation Partnership Project
(3GPP) Releases 8 and 9 [24, p. 1]. However, the LTE technique does not fulfill the
data rates which are required in fourth generation (4G) devices. Therefore, LTE-
Advanced was introduced in 3GPP Release 10 to fulfill even higher data rate require-
ments and to enable wider bandwidths in wireless data transmission [24, pp. 1-10].
However, the CA technology, which is used in LTE-Advanced, can cause IM problems.

In this chapter, an overview of the LTE technology is introduced first, continuing to the
LTE-Advanced and CA technology. After that, some of the general limits for unwanted
emissions at a base station are introduced. Finally in this chapter, the IM products miti-
gation techniques are introduces. The mitigation techniques are separated to the duplex-
er isolation and digital IM cancellation.

3.1 Long Term Evolution

LTE is a technology which was designed to give users higher data rates and quality in
the cellular network. LTE technology uses orthogonal frequency division multiple ac-
cess (OFDMA) technique in a downlink which is the data connection from a base sta-
tion to an UE [24, p. 14]. In the uplink, LTE technology uses single carrier — frequency
division multiple access (SC-FDMA) technique which does not require as linear PA as
the OFDMA technique requires [25].

In LTE OFDMA modulation, the signal consists of orthogonal subcarriers which are
separated closely to each other and every subcarrier has been modulated with different
data symbols [3, p. 9]. SC-FDMA is very similar to OFDMA, but the data is spread to
the all subcarriers instead of modulating all subcarriers with a different data symbol [3,
p. 12]. The spacing of the subcarriers is 15 kHz and 12 subcarriers forms one resource
block (RB) which bandwidth is 180 kHz [24, p. 15]. Number of RBs demands the chan-
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nel bandwidth which can be 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz or 20 MHz
[26, p. 38]. These bandwidths were specified first in 3GPP Release 8. The relation be-
tween subcarriers and the channel bandwidth is shown in Table 3.1 [24, p. 16].

Table 3.1 Possible channel bandwidths in LTE, and number of subcarriers and RBs
with different bandwidths.

Bandwidth (MHz) 1.4 3.0 5 10 15 20
Subcarriers 72 180 300 600 900 1200
Resource Blocks 6 15 25 50 75 100

In LTE, data in subcarriers are modulated with Quadrature Phase Shift Keying (QPSK)
or with Quadrature Amplitude Modulation (QAM) [26, p. 41]. In both modulations, the
phase is modulated and in QAM also the amplitude is modulated. In both modulations,
the data consists of two signals which have 90° phase shift between them, which forms
a complex-value signal [3, pp. 13-14]. The real part of the complex valued signal is
called the in-phase signal and the imaginary part is the quadrature signal [3, p. 14]. Pos-
sibilities in QAM are 16-QAM or 64-QAM in LTE, which means that the constellation
size can be 16 or 64 points. QPSK is the same as 4-QAM, in other words QPSK has the
constellation size of 4 points. Different modulation constellation points are shown in
Figure 3.1.

[ ) [ ) [ ) [ ) /\Q [ ) [ ) [ )
AQ
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ) [ ] [ ]
/\Q [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ]
[ ) [ ) [ ] [ ]
\I \I [ ) [ ) [ ) [ ) [ ) [ ) [ ) O\I
- i [ ] [ ] [ ] [ ] [ ] [ ] [ ] 0,
. ° [ ) [ ] [ ) [ )
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
QPSK ° ° ° ° ¢ o o o|le e o o
16'QAM [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

64-QAM

Figure 3.1 Different data points in possible modulations of LTE. QPSK has 4 differ-
ent data points which makes it equal to 4-QAM modulation.

The modulation type depends on the signal strength between the base station and the
UE. If the signal strength is weak, constellation point count has to be low because oth-
erwise the data may become distorted. As seen from Figure 3.1, increasing the constel-
lation size the distance between data points decreases, which increases the possibility of
misinterpretation if the received signal is distorted enough. Furthermore, it is possible to
use spatial multiplexing up to 4x4 multiple input multiple output (MIMO) technique
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[25]. In spatial multiplexing the data stream is split into smaller data streams which are
transmitted with different antennas at the same time and also received with multiple
antennas, which increases the data rate [24, p. 21]. In 4x4 MIMO there are 4 antennas
transmitting and 4 antennas receiving the split data stream.

Theoretical maximum peak data rates in LTE are 300 Mbps in the downlink and
75 Mbps in the uplink [24, p. 28] [25]. To achieve these data rates, the channel band-
width has to be 20 MHz and the signal strength should be strong enough to enable the
use of 64-QAM modulation, and also 4x4 MIMO has to be used [24, p. 28]. However,
these maximum data rates are only theoretical values and still do not fulfill 4G require-
ments for peak data rates which is one reason for developing LTE-Advanced.

3.2 Carrier Aggregation in LTE-Advanced

The International Telecommunication Union (ITU) has the ITU Radiocommunication
Sector (ITU-R) which has defined the IMT-Advanced standard. This IMT-Advanced
standard is also referred to as 4G whose requirement for the peak data rate is 1 Gbps [1].
This requirement relates to the low mobility case where the UE is at a fixed position or
moves slowly related to the base station. For high mobility case, where the UE moves
fast, the requirement is 100 Mbps [1]. Because the LTE technology from 3GPP Releas-
es 8 and 9 did not fulfill IMT-Advanced requirements, LTE-Advanced was developed
and first introduced in Release 10. The theoretical maximum peak data rate for LTE-
Advanced is 3 Gbps in the downlink side and 1.5 Gbps in the uplink side, which
measures up to the IMT-Advanced requirements [2]. 3GPP is still developing LTE-
Advanced and CA is one of the new functionalities in it. The main idea in CA is to in-
crease bandwidth by aggregating more carriers for a single UE.

Because it is needed that older UEs (Release 8 and 9 UEs) are compatibles to the cellu-
lar network, CA is based on 3GPP Release 8 and 9 carriers which are referred to as CCs
in LTE-Advanced [2] [27, p. 86]. This makes it possible that Release 8 and 9 UEs can
use the same cellular network with Release 10 and onwards UEs. LTE-Advanced UE
can use more than one CC at the same time and this is the main idea in CA. The maxi-
mum limit for CCs in CA is specified to 5 which increases the maximum bandwidth to
100 MHz, because the maximum bandwidth for one CC is 20 MHz [2] [27, p. 86] [28,
p. 12]. Aggregated CCs do not have to have the same bandwidth and also the number of
CCs in the uplink and downlink does not have to be the same [2]. Although, in the up-
link the CC count has to be equal to or lower than the number of CCs in the downlink
[2] [29]. However, 3GPP has been proposed that it would be reasonable to limit the
amount of different bandwidths in CA to two [30, p. 14]. This would mean that it is not
allowed to use, for example, bandwidths 5 MHz, 15 MHz and 20 MHz in three CCs to
reach 40 MHz aggregated bandwidth [30, p. 14]. Instead of this, the aggregated band-
width should be formed, for example, with two 10 MHz CCs and one 20 MHz CC. This
leads to the same aggregated bandwidth by using only two different CC bandwidths.
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Figure 3.2  An illustration of different aggregation possibilities in CA, where all CCs
have different bandwidths.

In the CA technology, CCs can be aggregated in three different ways as seen from Figu-
re 3.2. The frequency bands seen in Figure 3.2 are frequency bands used in LTE which
are referred to evolved universal terrestrial access network (E-UTRA) bands. The first
possibility is intra-band contiguous aggregation where all CCs are aggregated contigu-
ously to the same E-UTRA band. This contiguous aggregation type is simple but often it
might be difficult to provide over 20 MHz contiguous bandwidths for single UE at the
same frequency band [2]. The second possibility is that all CCs are at the same E-
UTRA band, but they are aggregated non-contiguously. This intra-band non-contiguous
aggregation gives more flexibility to the spectrum and makes it easier to arrange wide
bandwidths for a single UE [2]. The last possibility is that all CCs are not in the same E-
UTRA band and also they might be aggregated non-contiguously if some of them are at
the same E-UTRA band. This inter-band non-contiguous aggregation gives even more
flexibility to the spectrum and it increases the possibility to achieve wider bandwidths
for single UE.

LTE CA can be used in FDD or in time division duplex (TDD) technologies [29]. In
FDD the uplink and downlink uses different carrier frequencies, and the transceiver
transmits and receives at the same time. The TDD transceiver either transmits or re-
ceives, and both uplink and downlink uses the same carrier frequency. In this thesis, the
scope is on FDD transceivers, because they are vulnerable to the own RX desensitiza-
tion due to simultaneous transmitting and receiving.

All CC combinations are not possible, because E-UTRA band and CC count combina-
tions are specified in 3GPP Releases 10 and onwards [2]. The CA CC combinations are
specified by 3GPP to avoid complexity [27, p. 86]. Specific aggregation combinations
also define the maximum aggregated bandwidth. In Release 10, only three CA CC com-
binations were defined which were intra-band contiguous in FDD and TDD, and one
inter-band FDD combination [29]. In Release 11, several new CA combinations and
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also intra-band non-contiguous combination were defined [29]. All introduced CA
combinations in Releases 10 and 11 had only two CCs and the maximum aggregated
bandwidth was 40 MHz [29]. In later 3GPP Releases (12 and beyond) several CA CC
combinations have been introduced and also combinations which contain more than two
CCs, and enable wider than 40 MHz aggregated bandwidths [28] [31].

3.3 Unwanted Emissions Power Density Limits in LTE and
LTE-Advanced

Unwanted emission can be divided into OOB emissions and spurious emissions [32, p.
36]. Requirements for these unwanted emissions at a base station transceiver are speci-
fied by 3GPP in [32]. In this section, some of these general requirements for a base sta-
tion are introduced to give understanding about allowed power density levels. In OOB
domain, the requirements for the base station transmitter are specified by Adjacent
Channel Leakage Ratio and operating band unwanted emission limits [32, p. 36]. Out-
side the OOB domain, the power limits are specified by the spurious emissions limits
[32, p. 36] which are more relevant in the scope of this thesis.

In the spurious emissions domain, which starts from OOB domains edges, the spurious
emissions limits are not allowed to be exceeded [32, p. 36]. The base station transmitter
spurious emissions domain is from 9 kHz to 12.75 GHz but excluding the domain which
starts from 10 MHz below the operating downlink band and ends to 10 MHz above the
operating donwlink band [32, p. 55]. For example, in E-UTRA band 1 the spurious
emissions domain is from 9 kHz to 12.75 GHz but excluding frequencies from
2100 MHz to 2180 MHz, because the downlink band is from 2110 MHz to 2170 MHz.
The general spurious emissions limits for Category A and Category B base stations are
shown in Table 3.2 [32, pp. 55-56]. Category A base station limits are not specified for
any region and it has more relaxed limits than Category B, C and D which are specified
for different regions [33, p. 7]. Category B power limits are specified and adopted in
Europe [33, p. 7].

Table 3.2  Base station spurious emissions maximum power level limits for Category
A and B base stations.

Frequency range Maximum power Maximum power Measurement band-
Category A (dBm) Category B (dBm) width

9 kHz — 150 kHz -13 -36 1 kHz
150 kHz — 30 MHz -13 -36 10 kHz
30 MHz — 1 GHz -13 -36 100 kHz

1 GHz - 12.75 GHz -13 -30 1 MHz

In conclusion, transceiver’s emissions cannot exceed power density limits which are
specified by 3GPP. These limits depend on the used transmission technique, operating
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frequency and channel bandwidth. There might be also additional requirements for
some specific E-UTRA bands and geographical locations.

3.4 Intermodulation in Carrier Aggregation

In CA TDD technique, the leakage of transceiver’s own TX IM products to the own
receiver is not a problem because the transmitting and receiving are not done simultane-
ously. In FDD technique, the problem is obvious because the transmitting and receiving
are done at the same time. Especially in FDD with intra-band non-contiguous CA, the
problem is significant because there are at least two CCs separated by a relatively nar-
row frequency gap, which causes the IM close to the CCs. In this type of non-
contiguous CA, it is possible that the IM products fall on the RX band, which can cause
receiver desensitization [5]. The problem is in both, intra-band and inter-band non-
contiguous aggregation, but in this thesis the focus is in intra-band case.

The duplex spacing defines the frequency gap between TX and RX operating frequency.
Each E-UTRA band has been defined in 3GPP releases and the duplex spacing can be
calculated from TX and RX band frequencies difference. For example, band 1 has the
duplex spacing of 190 MHz, but band 2 duplex spacing is only 80 MHz which is signif-
icantly narrow [23, p. 56] [34, p. 11]. Both bands 1 and 2 still have the same bandwidth
which is 60 MHz. E-UTRA bands 1 and 2 frequencies, duplex spacing and frequency
bandwidth are shown in Table 3.3 [34, p. 11].

Table 3.3 E-UTRA band 1 and 2 specifications. Frequency bands are close to each
other and the bandwidths are the same but the duplex spacing of band 1 is 110 MHz
wider than the duplex spacing of band 2.

E-UTRA Downlink frequency  Uplink frequency  Duplex spacing  Bandwidth
Band (MHz) (MHz) (MHz) (MHz)
Band 1 2110 -2170 1920 — 1980 190 60
Band 2 1930 — 1990 1850 — 1910 80 60

In Table 3.3, the frequencies are named as downlink and uplink frequencies. A narrow
duplex spacing leads to bigger problems in intra-band non-contiguous CA, because the
frequency gap between CCs defines the frequencies of IM products. If this gap is almost
as wide as the duplex spacing, then even 3 and 5" order products can be at the trans-
ceiver’s own RX frequency. If the duplex spacing is much wider than the gap between
the CCs, then there can still be 7" and 9" order IM products at RX frequency band. Fur-
thermore, if the CCs have wide bandwidths, then the IM products have significantly
wide bandwidths leading to the situation where several IM products may fall on RX
frequency band. Illustration of the IM products at E-UTRA band 2 is shown in Figure
3.3. It is important to notice that Figure 3.3 is only a simple illustrative example and the
form of an IM product is not an ideal rectangular in the spectrum.
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Figure 3.3  Illustration of the negative IM products falling on E-UTRA band 2 uplink

which is the RX band for the base station. CCs, which are not shown in the figure, have

10 MHz bandwidths and the center frequencies are 1950 MHz and 1985 MHz. Negative
3" 5" 7" and 9" order IM products are marked as IM3-, IM5-, IM7- and IM9-.

The aspect in Figure 3.3 is from the base station side and therefore the RX band fre-
guencies are the same as the uplink frequencies, because the uplink is from the UE to
the base station. The same phenomenon also happens in the downlink side, from the
base station to the UE, because IM products are generated both sides of the desired sig-
nals. As illustrated in Figure 3.3, with narrow the duplex spacing the negative 3™ order
and also the negative 5" order IM product can fall on the transceiver’s own RX band. In
this illustration the CCs center frequencies are 1950 MHz and 1985 MHz, and because
the duplex spacing is 80 MHz, the base station RX center frequencies are 1870 MHz
and 1905 MHz. The RX frequencies can be calculated by subtracting the duplex spacing
from the TX frequencies. To compare duplex spacing width influence, the illustration of
IM products at E-UTRA band 1 is shown in Figure 3.4. This example is also from the
base station side aspect and again the RX band is the uplink frequencies. Similarly to
Figure 3.3, also Figure 3.4 is a simple illustrative example.
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Figure 3.4 In this illustration for E-UTRA band 1, the CCs bandwidths are 20 MHz
and the center frequencies are 2120 MHz and 2160 MHz. The CCs are not shown in the
figure, but the negative 3", 5™, 7" and 9" order IM products are marked as IM3-, IM5-,

IM7- and IM9-. This illustration is from the base station side and it demonstrates that
high-power 3" and 5" order IM products do not fall on RX band even if the CCs are at

the edges of the TX band.

In the case where the duplex spacing is 190 MHz, the 3™ or 5" order IM product do not
fall on the RX band area even if the CCs bandwidths are the maximum 20 MHz. Still
the 7" and 9™ order IM products fall on the RX band, and because of the wide band-
width they almost cover the whole RX band frequency domain. The RX center frequen-
cies are 1930 MHz and 1970 MHz, because the duplex spacing is 190 MHz and the CCs
center frequencies are 2120 MHz and 2160 MHz in this example. In these two illustra-
tion examples presented above, the focus is in the base station side, because PIM is
more of a base station side problem. However, IM is also a problem in the UE side but
usually because of nonlinearities in active circuits like in PA. The aspect was chosen,
because this thesis concentrates more on PIM at a base station transceiver.

3.5 Mitigation of Intermodulation Products

To discuss about the mitigation of IM products, it is convenient to introduce a more
specific block diagram of an example transceiver, which is shown in Figure 3.5 [5, p.
3]. This example transceiver uses the FDD CA technology and it may contain several
nonlinear connectors between different modules of the transceiver, because this exam-
ple also concentrates on a base station side. In UE there would not be connectors be-
tween modules, especially if the UE is a mobile device. Furthermore, the antenna struc-
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ture in a base station usually contains metal junctions which can also be the source of
PIM.
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Figure 3.5 Example block diagram of a CA transceiver containing several IM sources
in the system and also outside of the transceiver system in the nearby corroded object.

As seen from Figure 3.5, there are two TX data signals, because the transceiver is for
the LTE CA technology. This example is only a one solution for a CA transceiver im-
plementation and there are several different implementation possibilities. In this solu-
tion upsampling, intermediate frequency (IF) conversion and digital to analog (D/A)
conversion are done separately for both TX data signals. After this, the signals are com-
bined and in-phase quadrature (1/Q) up-conversion is done with a single 1/Q modulator.
Finally, the modulated signals are amplified and led into the duplexer’s TX port. Other
solutions for TX signal modulations could be that the signals are combined at the be-
ginning of the TX chain or at the end of the TX chain before the duplexer [35, p. 24]. If
CCs are at different E-UTRA bands, inter-band LTE CA, then it would be reasonable to
use implementation where both CCs have completely different TX chains [36, p. 78]. In
contiguous intra-band LTE CA, the simplest solution where is only one TX chain may
be a good choice, at least it is the least power consuming choice and it has the smallest
chip size [36, p. 78]. However, the example shown in Figure 3.5 might be the best
choice for non-contiguous intra-band LTE CA, because it is less complicated and ex-
pensive than implementation with separated PAs [36, p. 78]. Although in the above so-
lution, the PA has to be as linear as possible because of the wider bandwidth, to avoid
high-power IM products.

The RX chain of the transceiver consists of a LNA, an 1/Q down-conversion unit and
also an analog to digital (A/D) converter. The LNA amplifies the received RX signal
which is then demodulated back to digital form. Also a digital cancellation unit and a
duplexer are presented in Figure 3.5. The duplexer is explained in more specifics in
Subsection 3.5.1 and the digital cancellation unit in Subsection 3.5.2.
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3.5.1 Duplexer Isolation

A duplexer is a three-port module, with a TX, RX and antenna port. It has isolation be-
tween the TX and RX port, which in ideal case means that TX signals do not go into the
RX port and vice versa. This isolation can be implemented with filters and also with a
circulator. Filters are band-pass type and with reasonable costs and sizes, the attenuation
may be only 50 — 60 dB in mobile transceiver duplexers [5, p. 1]. However, in a base
station duplexer, the isolation can be much higher, because the size and the power con-
sumption do not limit the duplexer implementation as much as in mobile transceivers.

Duplexer’s band-pass filters can usually filter out easily harmonics and IM products
which are far from the desired signals, but odd order IM products may cause problems.
Especially in a case where the duplex spacing is narrow, the most high-power 3 order
IM product falling on RX band can cause the transceiver’s own RX desensitization. The
desensitization can happen because of the finite duplexer isolation. Odd order products
can be very close to the band-pass area of the filter and therefore they might not be at-
tenuated enough. Furthermore, the high-power IM product may be transmitted to other
receivers if the TX band-pass filter cannot completely filter it out. In addition, the sensi-
tive LNA may become saturated and generate also IM products if the IM products from
the TX chain leaks into the RX chain. These problems are even more challenging in
mobile UEs, because of the lower isolations in duplexers.

The TX filter can attenuate only IM products which are generated in the TX chain of the
transceiver. Furthermore, TX chain contains I/Q modulator which may have imbalance
and it may generate unwanted signals from the original signals [5, p. 3]. These unwant-
ed signals are mirror images of the desired signals. The biggest IM source in TX chain
is usually a PA which behaves nonlinearly [3, p. 56]. The PA is usually designed to be
used close to the saturation to achieve better power efficiency, which increases the IM
products power levels. These IM products due to the PA can have high powers, which
require high attenuation from the TX filter. Other possible sources of IM are PIM
sources, like connectors and damaged cables in the TX chain. At a base station, differ-
ent modules of the TX chain might be connected to each other with connectors and pos-
sibly with considerably long cables which may be damaged and therefore cause PIM.
However, these PIM sources have relatively small powers when compared with the IM
products due to PA. Also the PIM generated in TX chain can be attenuated with the TX
filter, but more problematic sources of PIM are connectors after the duplexer. Because
of those connectors, PIM can be generated after the TX filter. If those IM products are
at the RX frequency band, then they can leak directly to the RX chain LNA, because the
RX filter does not attenuate them. Furthermore, the PIM can be generated in the metal
junctions of the antenna structure or even outside of the transceiver system, and those
sources of PIM are also after the TX filter.
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3.5.2 Digital Cancellation

The digital cancellation unit is shown in Figure 3.5 and the basic idea in digital cancel-
lation is to predict IM products and subtract them from the RX chain by regenerating
replicas of these products [3, p. 55]. Because the cancellation is done after the duplexer
in the RX chain, also the PIM products which are generated after the TX filter can be
cancelled. The main problem in digital cancellation is that IM products amplitudes,
phases and delays depend on the used PA, duplexer and other components. Further-
more, these IM products amplitudes and phases are not constants and vary in time. The
digital canceller has to model different parts of the transceiver to regenerate IM prod-
ucts. To achieve this, the transmitted data and its frequency are known but the rest of the
coefficients in the regeneration have to be estimated [5, pp. 4-6]. There are different
modelling techniques and needed coefficients in regeneration depend on the implement-
ed cancellation unit. In the estimation, it is needed to know how the sent TX signal is
seen in the RX chain. This can be done by taking and processing samples from the re-
ceived signal and these samples can be used as a feedback for the estimation [5, p. 7].
Finally, the regenerated IM signal inverse can be added to the RX signal to reduce the
actual IM products in the RX band.

The modeling of interference at a certain IM product frequency band contains also
higher order IM products estimation [3, p. 64]. Higher order IM products estimation
improves digital cancellation, because a certain IM band contains also higher odd order
IM products [3, p. 61;64]. Therefore, for example, digital cancellation for 3" order IM
band has to estimate also 5", 7" and possibly even higher odd order products [3, p.
61;64]. In theory, the more of odd order IM products are estimated, the better interfer-
ence reduction can be achieved. However, the higher the IM product order is the lower
is the power of it and due to that the influence of product decreases as the order number
increases. In the measurements of this thesis, the used model in digital cancellation is
parallel Hammerstein model which is introduced in more specifics in [5].

The needed parameter estimation for the digital cancellation can be done when the
transceiver is not in use or when it is not receiving signals [5, p. 7]. This type of estima-
tion is called offline estimation and the estimated coefficients can be used when the
transceiver is in use [5, p. 7]. However, the IM products may vary in time and the esti-
mation has to be done frequently while transmitting to achieve better interference can-
cellation. It is also possible that the power of the IM interference increases and the
transceiver has to be in use while the estimation is done. In this kind of online estima-
tion, the actual RX signal from the other transmitter has to be considered as noise [5, p.
10]. The desired RX signal does not depend on the transmitted signals and therefore it is
similar to the independent noise in the aspect of estimation process [5, p. 10]. Neverthe-
less, if the desired RX signal is strong enough, it will make the estimation more diffi-
cult. In this kind of situation the estimation can be improved by increasing the RX sig-
nal sample data rate [5, p. 10]. Although, if the RX signal is very strong, the IM prod-
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ucts might not interfere the data transmission but it is also possible that both, desired
RX signal and IM product signals have high powers.

In conclusion, the digital cancellation can be used to reduce IM products which are at
the transceiver’s own RX band. The IM products may be generated by different compo-
nents in the transceiver. The IM products may end up in to the RX chain because they
have high power which cannot be completely attenuated with the duplexer’s TX filter or
they are generated after the TX filter in possible sources of PIM. Benefits in digital can-
cellation are that it can be used to reduce also the IM products which are generated after
the TX filter, and the duplexer filters do not have to have as much attenuation. Filters
with high stop-band attenuation have higher insertion loss and also the implementation
is more complex which leads to a lower power efficiency and higher duplexer cost.
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4. GENERATING PASSIVE INTERMODULATION
AND MEASUREMENT SETUP

In this thesis, the scope is to generate PIM after TX filter of the duplexer and then
demonstrate that PIM can be reduced with digital cancellation. To achieve this, a base
station E-UTRA band 1 PA, duplexer and LNA are used. The problem in these meas-
urements is that PIM is occasional phenomenon and it requires high powers to become
significant [6] [7]. PIM cannot be generated with a broken cable or a corroded conduc-
tor in these measurements, because it would not be reproducible test setup and meas-
urement results might vary in time. Furthermore, the duplex spacing in E-UTRA band 1
is 190 MHz which is considerably wide. Therefore, the most high-power 3™ order PIM
products are not at the RX frequency band and lower than 7™ order products do not fall
on RX band as seen in Section 3.4 examples. Therefore, the PIM source in the meas-
urements must be very nonlinear to generate 7" and higher order products which have
significant power levels. If the PIM source is not generating high-power PIM products,
the TX power has to be increased and the duplexer TX filter may not be able to com-
pletely attenuate the IM products from the TX chain of the transceiver system. In this
kind of situation, it is difficult to know if the digital cancellation decreases only IM
products which are generated in the TX chain PA.

To achieve a reproducible test setup, a nonlinear circuit is added between the duplexer
and a 50 Q termination. In these measurements, an actual antenna is not used, because it
can also generate PIM products. In addition, to avoid interfering actual mobile transmis-
sions, it is not desired to transmit the test signals over the air. Therefore, the 50 Q ter-
mination is used instead of an antenna. The nonlinear circuit is implemented with a di-
ode and simulations of the circuit and component selections are introduced in the next
section. The circuit implementation and layout are introduced in the second section.
Finally in the third section, the whole measurement setup is introduced and explained.

4.1 Modelling Passive Intermodulation Source with a Diode

Because E-UTRA band 1 has a wide duplex spacing resulting that lower than 7™ order
IM products will not fall on the RX band, a highly nonlinear IM source has to be used to
generate high-power IM products which could interfere receiver. In this thesis the
measurements are done by emulating a nonlinear connection at the antenna port of the
duplexer, because nonlinear metal junctions are the most common source of PIM [6]
[7]. A thin oxide layer between two metals in the junction can have a diode like behav-
ior [6] [7] and therefore in this thesis, a diode is used in modelling of nonlinear connec-
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tion. Also by using the diode circuit, the test setup becomes easily reproducible. A
Schottky diode is chosen for this, because the frequency of the E-UTRA band 1 is
around 2.1 GHz, which requires fast switching speed from the diode. The Schottky di-
ode is based on semiconductor-metal junction, which decreases the junction capacitance
and enables faster switching speed than a normal p-n junction diode [4, p. 509]. The
equivalent circuit of a Schottky diode is shown in Figure 4.1 where V, is the voltage
over the diode [4, p. 511].

R;(V)

Figure 4.1 The equivalent model of a Schottky diode consists of parasitic capaci-
tance, inductance and resistance, and also of nonlinear capacitance and resistance
which depend on the voltage.

The parasitic capacitance C,, inductance L,, and resistance R, are caused by the struc-
ture of the diode and also from the junction between the component and the circuit
board [4, p. 511]. The nonlinear resistance R;(V) and capacitance C;(V) are modelling
the semiconductor-metal junction in the diode [4, p. 511]. The junction capacitance is
smaller when the reverse voltage is higher and the resistance varies according to the
voltage [37]. As seen from Figure 4.1, the Schottky diode contains also capacitance and
inductance which causes phase shift between the voltage and the current of the diode.

To emulate a weak connection between a duplexer and an antenna, the diode is designed
to be connected parallel with antenna. The circuit diagram of the diode circuit for IM
source is shown in Figure 4.2. The circuit contains SMA connectors in the input and the
output port and a transmission line with 50 Q characteristic impedance between those
ports. The BAT54S component contains two Schottky diodes in series in SOT-23 case
[37]. The Diodes are connected to the transmission line with series resistance R which
limits the current through the diode component. The other diode starts conducting when
the voltage is positive and the other when the voltage is negative which makes the cir-
cuit behavior similar at positive and negative voltages. As the voltage rise enough at
the transmission line, one of the diodes starts conducting. Therefore, part of the power is
not delivered to the output port and the higher the input power is the higher is the inser-
tion loss of the circuit. Furthermore, when the impedance of the diode varies, also the
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whole load impedance varies. Therefore, the power that is reflected from the input port
can increase or decrease.

Input @ ® Output

BAT54S

Figure 4.2 The transmission line between the input and output port is grounded
through the BAT54S Schottky diode component and resistor.

The resistance value of the resistor must be designed so that the current is lower than
the maximum current limit of the diode component. Although, with a too big resistance
value the circuit might not generate high-power IM products, because the voltage has to
be higher before the diode starts conducting. However, as seen in Figure 4.1, a Schottky
diode contains also parallel capacitance which means that the diode might conduct high
frequency signals through the parallel capacitance. The maximum repetitive peak for-
ward current for the BAT54S component is 200 mA and 30 V is the maximum repeti-
tive peak reverse voltage for the component [37]. The circuit is simulated with LTspice
IV program to find out what are the currents and voltages in the circuit with different
input powers. The simulations were done with resistor values of 50 Q and 100 Q and
the simulation results are shown in Table 4.1, which shows that the maximum input
power to the circuit is +33.8 dBm when a 50 Q resistor is used and +38.1 dBm when a
100 Q resistor is used. With these input power values, the peak current of the diode is at
the maximum value. Therefore, these input power values should not be exceeded. How-
ever, these values are only simulations and the real current values may vary due to the
power reflections and tolerances of the resistor and the diode component. Furthermore,
these simulations do not take into account the resistor parasitic capacitance or induct-
ance. Also the junctions between the components and the circuit board have parasitic
elements which are not taken into account in the simulations. The dissipated power in
the resistor is also shown in Table 4.1, which shows that the 50 Q resistor power rating
has to be at least 1 W and the power rating for the 100 Q resistor has to be at least 2 W,
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Table 4.1  The currents and voltages in the circuit according to the simulations with
LTspice IV program. The maximum peak current is 200 mA for the BAT54S component,
which means that the maximum powers for the diode circuits are +33.8 dBm for the
50 Q resistor diode circuit and +38.1 dBm for the 100 Q resistor diode circuit.

Resistor Diode peak Diode peak Resistor  Output peak Input power
value (Q) | current (mA) voltage (mV) power (W) voltage (V) (dBm)
50 200 645 1.0 10.5 33.8

100 122 427 0.74 12.4 33.8

100 200 645 2.0 20.5 38.1

The circuit in the simulations was the same as the one shown in Figure 4.2 and in the
input port was a sine voltage source with a 50 Q series resistance and 2.1 GHz frequen-
cy. The output port was terminated with a 50 Q resistor. The voltage source amplitude
had to be solved from the input powers for the simulations. Equation (4.1) shows which
is the maximum power to the load if the load is perfectly matched to the generator [4, p.
79]. In this case the load resistance was assumed to be 50 Q which is the same with the
generator series resistance.

|Ag|2 (4.1)

The power delivered to the load is P, in watt units, amplitude of the generator is A4, and
Ry is the 50 Q series resistance of the generator. With a perfectly matched load, only
half of the power is delivered to the load and the other half is dissipated in the series
resistance of the generator. Therefore, the output voltage amplitude of the generator is
only a half of the generator amplitude shown in Equation (4.1) [4, p. 79].

(4.2)
4, = |8P,R,

Equation (4.2) is solved from Equation (4.1). The equation is used to calculate the am-
plitude values for the voltage source in the simulations. In Table 4.2 the maximum input
powers from Table 4.1 in units of dBm and W are shown. Also the generator amplitude,
which is calculated with Equation (4.2), is shown in Table 4.2.

Table 4.2  Relation between the input power and generator amplitude. Generator
amplitude is not the same with generator output voltage, because the generator has
50 Q series resistance.

Input power (dBm) Input power (W) Generator amplitude (V)

+33.8 24 31
+38.1 6.5 51
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These voltage values related to the input powers do not take into account the load im-
pedance change which is caused by the diode component and resistor. These calculated
values expect that the load impedance is 50 Q, which is the same as the generator im-
pedance. However, by using these values in the simulations it gives a good estimation
about the electrical parameters for choosing the components to the circuit. Furthermore,
when the circuit impedance is not perfectly matched to 50 Q, a lower power is delivered
to the circuit than what was simulated. Therefore, the components which are chosen
based on these simulations can be used at least with these powers shown in Table 4.2.

4.2 Implementation of the Diode Circuit

According to the simulations done with LTspice IV program, the resistors have been
chosen to be Bourns CHF2010CNP500LX and CHF2010CNP101RX which both are
rated for 10 W maximum powers [38]. The first is a 50 Q and the second is a 100 Q
radio frequency (RF) resistor and both are in 2010 cases [38]. For circuit implementa-
tion, it is needed to calculate the transmission line width for a microstrip with a 50 Q
characteristic impedance. The width of the microstrip transmission line is calculated
with Advanced Design System program’s LineCalc tool. With the parameters shown in
Table 4.3 the calculated width is approximately 3.06 mm, for the 50 Q characteristic
impedance transmission line.

Table 4.3  The parameters which are used in Advanced Design System LineCalc tool
for calculating the width of the microstrip line. Frequency is 2.1 GHz which is between
the uplink and downlink frequency bands in E-UTRA band 1.

Characteristic impedance (Q) 50
Frequency (GHz) 2.1
Relative permittivity 4.3
Substrate thickness (mm) 1.6
Substrate loss tangent 0.02
Conductor conductivity (S/m) 5.8e7
Frequency of defined loss tangent (GHz) 9.4

The calculated width for the 50 Q characteristic impedance is approximately the same
3.06 mm at the uplink and downlink frequencies of E-UTRA band 1. The circuit board
which is used is a FR4 double sided circuit board. The fabricated diode circuit is shown
in Figure 4.3.
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Figure 4.3 The fabricated circuit with the BAT54S diode component and 50 Q RF
resistor which is grounded through the circuit board on the left side of the board. The
input and output port have SMA connectors and because the circuit is physically sym-
metrical, the circuit is also reciprocal and it does not matter which port is the input or

the output port.

As seen from the layout, the transmission line with 50 Q characteristic impedance is
between the input and output port and the diode component is connected directly on the
middle of the transmission line. There is also a 50 Q transmission line between the di-
ode component and the RF resistor. The length of the transmission line between the
ports is 23 mm and 5 mm between the diode and the resistor. The other end of the resis-
tor is connected to a conductor area whose length and width are 8 mm. The conductor
area is designed to be large enough for grounding through the circuit board to the
ground layer which is the bottom layer of the circuit board. Because the circuit is sym-
metrical, it is not significant which one of the SMA connectors is the input or the output
port.

Diode circuit boards were made for both resistor values, for the 50 Q and 100 Q RF
resistors. The circuit layout was the same for both circuit boards, because the diode
component is the same and the case of the resistor is the same with both resistors.

4.3 Measurement Setup

As introduced in Section 2.6, PIM can be measured with the reverse and forward meas-
urement. In this thesis, the measurements are done with the reverse PIM measurement,
because it is more suitable for measuring PIM which is generated at the antenna port of
the duplexer. Furthermore, the forward measurement is more suitable for measuring
component’s PIM generation while in this thesis the interest is on the PIM power levels
which appear in the RX port of the duplexer. Furthermore, only the reflected IM prod-
ucts can desensitize the transceiver’s receiver or can be digitally cancelled. The forward
measurement would also require an isolator or a coupler after the PIM source and the
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isolator or the coupler could also generate IM products. Therefore, the reverse meas-
urement is used in this thesis.

Figure 4.4 shows the measurement setup which was used in the measurements of this
thesis work. The measurement setup contains a PA, duplexer, LNA, PIM source circuit
and National Instruments vector signal transceiver (VST). The VST is controlled by
MATLAB program and the antenna is replaced with a 50 Q termination. An antenna is
not used, because test signals generated by VST could create interference to commercial
mobile networks. Furthermore, an antenna could also generate PIM products and there-
fore measurement results could vary, if the measurement is repeated with a different
antenna. The duplexer, PA and LNA are integrated together and designed for E-UTRA
band 1 base station use. E-UTRA band 1 has considerably wide 190 MHz duplex spac-
ing and therefore the IM products, whose frequencies are at RX band, are 7 or higher
order IM products, which was shown in example in Section 3.4. Because the power lev-
el of the IM product decreases when the order number increases, the measurements and
digital cancellation are focusing on the 7™ order IM product which has the highest pow-
er at the RX band.

v

AN
v

\ 4
TX
PR PIM source ~
MATLAB [€—>{ NI VST Duplexer ANT [€> circuit > 500
y, N RX

Figure 4.4 The block diagram of the measurement setup. A 50 Q termination is used
instead of an antenna and the PIM source is located between the duplexer and the ter-
mination.

As seen from Figure 4.4, the VST is controlled with MATLAB program. The VST gen-
erates LTE CA signals which are fed into the PA and then to the duplexer. Because the
duplexer is designed for a base station use, the isolation between TX and RX port is
considerably high. Therefore, the IM products due to the PA are filtered out and only
the IM products due to the PIM source circuit are seen at the RX port of the duplexer.
However, it is still possible that the IM products due to the TX chain PA leak into the
RX port if the input power is high enough. Because of that, the system noise floor has to
be measured without the PIM source circuit, to see if IM products appear at the RX port
without the circuit. The LNA cannot be bypassed because the LNA, PA and duplexer
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are integrated together. Therefore, the gain of the LNA, which is 31 dB, has to be sub-
tracted from the measurement results to get the power levels at the RX port of the du-
plexer. After the LNA, the signals are fed back to the VST and the results are taken to
MATLAB program. The digital IM cancellation is done with MATLAB program and
also the measurement results can be visualized with it.

It is also possible to add an external PA between the VST and the PA shown in Figure
4.4, to achieve higher TX power to the PIM source. However, the diode circuit is very
nonlinear and generates powerful IM products and therefore an external PA is not re-
quired. But if the PIM products are generated with a loosely connected SMA connector,
then the TX power at the antenna port has to be much higher and the external PA is re-
quired. In this thesis, also measurements with a loosely connected connector are done to
show that even 7" and 9" order PIM products may have high power levels and to com-
pare these power levels to the IM power levels which are generated with the diode cir-
cuit. However, generating high-power PIM products with a loose connector is difficult
because with a too tight connection there are not much gaps between the metal surfaces
and the tunneling effect will not affect as much to the connection resistance. Further-
more as said in Subsection 2.3.1, the probability for the tunnel effect decreases signifi-
cantly if the insulating layer or the air gaps are wider than 10 nm. Therefore, a too
loosely connected connector does not generate powerful PIM products, because the gaps
in the junction are too wide and the probability for electron tunneling is low. In conclu-
sion, to generate 7" and 9™ order PIM products with a SMA connector, the connector
has to be optimally loosened and high input power has to be used.
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5. MEASUREMENT RESULTS AND ANALYSIS

In this chapter, the measurement results which are done with the test setup introduced in
Section 4.3 are introduced. The measurements were done with an E-UTRA band 1 base
station duplexer, PA and LNA, and for both diode circuits. In these measurements, the
TX power at the antenna port of the duplexer was varied from +11 dBm to +32 dBm.
For a loose connector spectrum measurement, there was an external PA included to the
measurement setup input and the TX power at the antenna port was increased to
+39 dBm.

First, in this chapter, the measured 7" and 9™ order IM product powers with two diode
circuits are presented. Also the spectrum of the LNA output with the 50 Q resistor diode
circuit is presented. After that, the spectrum with a proper and a loose SMA connector
in the antenna port of the duplexer is shown for the comparison to the diode circuit gen-
erated IM products. Finally in this chapter, the results of the digital 7" order IM cancel-
lation for both diode circuits are given.

5.1 Power of Intermodulation Products

In these measurements, a base station duplexer, PA and LNA for E-UTRA band 1 was
used. The duplexer has 190 MHz duplex spacing and therefore only 7" and 9™ order IM
products are measured in the following measurements. First was tested that IM products
power levels are close to the same when one CC frequency was changed. Because there
were not significant difference in the IM products power levels with different CC fre-
quencies, following measurements were done only with the same frequencies. The
downlink of the E-UTRA band 1 is 2110 — 2170 MHz [23, p. 28] and therefore CCs
center frequencies were chosen to be 2114 MHz and 2162 MHz. The bandwidths are
1.4 MHz for both CCs and with these frequencies the negative 7" order IM product cen-
ter frequency is 1970 MHz, and 1922 MHz is the center frequency of the negative 9™
order IM product. Because the uplink of the E-UTRA band 1 is 1920 — 1980 MHz [23,
p. 28], both 7" and 9™ order IM products are at the base station duplexer’s RX frequen-
cy band. OFDMA with QPSK modulation was used for TX data, because the measure-
ments are concentrated to the base station side and OFDMA is in use at downlink data
transmission in the LTE CA technology.

In Figure 5.1 the powers of IM products at the duplexer’s RX port are shown related to
the TX power at the antenna port of the duplexer. The TX power is varied from
+11 dBm to +32 dBm and the measurement bandwidth is 10 MHz. The powers in Figu-
re 5.1 are measured with the diode circuit which has the 50 Q resistor, but the black
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curve in the figure is measured by replacing the diode circuit with a SMA adapter. The
results from the measurement without the diode circuit show that the isolation between
the duplexer’s TX and RX port is high enough to completely filter out the IM products
generated in the TX chain. Therefore, the power at the RX port is constant with all TX
powers when the measurement is done without the diode circuit. The powers are meas-
ured from the LNA output port as shown in Figure 4.4, but results in Figure 5.1 are re-
ferred to the input port powers of the LNA which are calculated by subtracting 31 dB,
which is the gain of the LNA, from the measurement results.
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Figure 5.1  The negative 7" and 9" order IM product power levels of the diode circuit
with the 50 Q series resistor. These powers are referred to the RX port of the duplexer
and with the 50 Q termination the diode circuit was replaced with a SMA female-female
adapter.

As seen from Figure 5.1, the IM products powers increase quickly when the TX power
is increased. As introduced in Section 2.2, the power of IM product should increase by
the order number when the desired output power increases 1 dB. However, in this case
the powers do not increase with the slope of 7 or 9. The explanation for this might be
that the parasitic properties of the diode change when the power is increased. As seen in
Figure 4.1, the diode contains parasitic inductance, capacitance and also junction ca-
pacitance which depend on the voltage over the diode. The junction capacitance of the
diode decreases when the reverse voltage increases, and when the voltage is over 8 V
the junction capacitance becomes more stable and does not decrease much [37]. Anoth-
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er reason might be that the resistance of the diode varies differently at different voltage
levels [37]. Furthermore, when the diode impedance changes also the total load imped-
ance changes and the reflected power may increase. However, in this thesis the main
interest is in the digital cancellation of the IM products and therefore the reason for the
varying IM product power increase was not studied in more specifics.

In Figure 5.2 the results of the same measurement with the diode circuit containing the
100 Q resistor are given. As seen from Figure 5.1 and Figure 5.2, the powers of IM
products are approximately less than 3 dB higher with the diode circuit containing the
100 Q resistor. From the same figures can be seen that the IM products powers changes
similarly with both resistors, which is expected when the diode component is the same
model in both circuits and also the layouts in both circuits are the same.
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Figure 5.2 IM products powers with the 100 2 diode circuit. Similarly to the 50 Q
diode circuit, the 50 Q termination curve was measured by replacing the diode circuit
with the SMA adapter to get the residual IM power level of the test system.

Figure 5.1 and Figure 5.2 show that both diode circuits are highly nonlinear and there-
fore already with +20 dBm TX power at the antenna port, both 7" and 9™ order IM
products have high powers.

To give better understanding of the IM products due to the diode circuit containing the
50 Q resistor, the spectrum of the LNA output was measured from 1.9 GHz to 2.3 GHz
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with +20 dBm TX power at the duplexer’s antenna port. The spectrum is shown in Fi-
gure 5.3 where the CCs are marked as CC1 and CC2. The negative 7" and 9" order IM
products are marked as IM7- and IM9- in Figure 5.3. With the +20 dBm TX power at
the antenna port, the negative 7" order IM product can have even more power than CCs
which are attenuated by the RX filter. The attenuation of the RX filter is approximately
91 dB, because the gain of the LNA is 31 dB and the powers of CCs at the antenna port
are +20 dBm and -40 dBm at the LNA output port. Other IM products are not seen with
this TX power level, because they are attenuated by the filters of the duplexer. It is also
seen from Figure 5.3 that the bandwidth of the IM products increases slightly when
compared to the bandwidths of the CCs. However, the bandwidth increase is not seen
very well because the CCs bandwidths are only 1.4 MHz and the spectrum is 400 MHz
wide. It is also notable that CCs and IM products do not have as simple rectangular
forms as in simplified illustrations in Sections 2.5 and 3.4 examples.
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Figure 5.3 The spectrum at the output port of the LNA with +20 dBm TX power at the
antenna port and with the diode circuit containing the 50 Q resistor. CCs are marked as
CC1 and CC2, and the negative 7" and 9™ order IM products with IM7- and IMO-.

For a comparison, PIM was generated and measured with a loose SMA connector at the
antenna port. The measurement is not as reproducible as the measurement with the di-
ode circuit, but it shows that even 7" and 9™ order PIM products can cause interference
to the transceiver’s own receiver. Because generating PIM with a loose connector re-
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quired higher TX power than with the diode circuit, an external PA was added in the
input of the test setup. Therefore, more of the IM products are seen in the spectrum and
the measurement with a proper connection shows that part of those IM products are
generated in the TX chain PAs. The spectrum is shown in Figure 5.4 where the TX
power at the antenna port was +39 dBm, and CCs and IM products are marked like in
Figure 5.3. It is seen that the PIM require much higher TX power to appear and still
PIM products powers are lower than with the diode circuit. However, the PIM product
orders are considerably high and it is difficult to loosen the connection optimally. Be-
cause the probability for electron tunneling decreases when the gap between metal sur-
faces is wider than 10 nm [6], the connector cannot be loosened too much. Therefore, it
might be possible to get even higher powers for PIM products with the TX power that
was used, if the connector has been tighten with a different torque.
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Figure 5.4  The spectrum from the LNA output with +39 dBm TX power at the anten-
na port and with a proper and a loose connection in the antenna port cable. Because of
the high TX power and another PA in TX chain, also IM products due to PAs are seen
in the spectrum. The negative 3, 5", 7" and 9" order products are marked as IM3-,
IM5-, IM7- and IM9-, and the positive 3" and 5™ order products with IM3+ and IM5+.

By comparing the loose and proper connection spectrums shown in Figure 5.4, it is seen
that negative 7™ order PIM product has 8.3 dB higher power with the loose connection
and 3 dB higher power at the negative 9™ order frequency. With other PIM products
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seen in Figure 5.4 the difference between the loose and proper connection is not as big
as with the 7™ and 9™ order, because 3™ and 5™ order products are attenuated by the RX
filter.

In conclusion, the diode circuit is highly nonlinear and generates powerful IM products
which can be seen in the spectrum of the duplexer’s RX port without seeing IM prod-
ucts due to the PA. PIM can be generated with a loose connector but it requires much
higher TX powers and therefore also the IM products due to the TX chain PAs are seen
in the spectrum. Also it is difficult to optimally loosen the connector to achieve high-
power PIM products and the test setup with a loosened connector is not easily reproduc-
ible without knowing the torque of the connection. This also demonstrates that PIM
might not be problem with E-UTRA bands which has wide duplex spacing, but instead
in the bands where 3 and 5™ order PIM products fall on the RX frequency band.

5.2 Digital Cancellation of Passive Intermodulation Products

Digital cancellation for emulated PIM products is done for both diode circuits with the
same TX powers from +11 dBm to +32 dBm at the antenna port. The cancellation is
using parallel Hammerstein model which is introduced in [5]. The cancellation is done
for the negative 7" order IM product frequency band by estimating 7, 9™, 11™ 13"
15" and 17" order IM products.

The digital IM cancellation results for the diode circuit containing the 50 Q resistor are
shown in Figure 5.5. The measurement results are referred to the RX port by reducing
the gain of the LNA (31 dB) from the results. As seen from the figure, the emulated
PIM interference reduction is the worst with the +32 dBm TX power and the best with
the +20 dBm TX power at the antenna port, if the TX powers +11 dBm and +14 dBm
are not taken into account. With those two lowest TX powers the IM power is not sig-
nificant and the reduction is small because the interference is attenuated to the system
noise floor level. The lowest reduction is approximately 5.7 dB and the highest is
14.8 dB.
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Figure 5.5 Digital cancellation of the negative 7" order IM product frequency band.
PIM is emulated with the 50 Q resistor diode circuit at the antenna port. With low TX
powers the interference can be attenuated close or below the system noise floor.

In Figure 5.6, the measurement results for the other diode circuit which contains the
100 Q resistor are given. As seen from the figure, the IM product powers are a little
higher, but the results are similar when compared to the measurement with the 50 Q
resistor diode circuit. Again, if two lowest TX powers are not taken into account, the
lowest interference reduction is approximately 5 dB and the highest reduction is 9.1 dB
which is a little worse mitigation than with the 50 Q resistor diode circuit but also the
interference power is higher.
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Figure 5.6 Digital cancellation of the negative 7" order IM product with the 100 Q
resistor diode circuit. Again, with the low TX powers the digital cancellation reduces
IM interference close or below the system noise floor.

The results of the digital IM cancellation with both diode circuits are shown in Table
5.1. The results are shown as interference attenuation for different TX powers with both
circuits. As seen from Table 5.1, with the TX powers +11 dBm and +14 dBm at the
antenna port the attenuation is small, because the IM product power is very low or it is
below the noise floor. Therefore, with these TX powers the digital IM cancellation at-
tenuates the IM down to the system noise floor level or at least close to it. With the
higher TX powers the attenuation varies slightly and therefore these measurements
should be done again several times to get more accurate average of the effect of digital
cancellation.

Table 5.1  The results of the digital cancellation of the negative 7 order IM product
for both diode circuits. The results are presented as interference attenuation in dB units
for different TX powers at the antenna port.

TX Power

+11 +14 +17 +20 +23 126 +29 +32
(dBm)
50 Q diode 0.0 07 92 148 98 8.6 9.0 57
circuit (dB)
100 Q diode 01 11 8.2 91 56 6.7 59 5.0
circuit (dB)
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These results demonstrates that it is possible to reduce PIM interference with digital
cancellation, but to achieve more attenuation, even higher order PIM products estima-
tion has to be done. However, the emulated PIM powers in these measurements are high
for a 7™ order PIM product and it might be that PIM due to loose connector does not
generate as high powers in 7™ or 9" order PIM product bandwidth. Therefore, more
measurements have to be done to get better average of the interference attenuation with
digital cancellation and also to see how much the most high-power 3™ order PIM prod-
ucts can be attenuated. For this, a duplexer with a narrow duplex spacing is needed.
The duplex spacing has to be selected so that the most high-power 3™ order PIM prod-
uct falls on the RX frequency band.
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6. CONCLUSION

The purpose of this thesis work was to demonstrate that the interference due to PIM can
be reduced with digital PIM cancellation. The measurements were done with a base
station duplexer, PA and LNA because PIM is more of a base station side issue. At the
base station, the TX power can be high enough to generate powerful PIM products, and
connectors and antennas containing metal junctions are also used in base stations. Exist-
ing digital cancellation model and algorithms were used to mitigate emulated PIM
products which were generated at the antenna port of the duplexer with a diode circuit.
Digital cancellation was tested with different TX powers and with two IM generation
circuits. The test setup used the LTE intra-band non-contiguous CA technology, which
is vulnerable for IM problems.

To achieve a reproducible test setup, a nonlinear connection in the transmission line was
emulated with a diode circuit. The diode circuit was designed to model a nonlinear met-
al connection, because the most common sources of PIM are loosely connected con-
nectors. Two diode circuits were designed and implemented which both had the same
layout and the diode component which contained two Schottky diodes in series. The
circuit contained transmission line and part of the input power was delivered through
the diode component and a RF resistor to the ground. The difference between the cir-
cuits was the resistance value of the resistor, another circuit contained a 50 Q resistor
and the other contained a 100 Q resistor. In the measurements, LTE CA signals with
1.4 MHz CC bandwidths were generated by VST and fed into a test system containing
PA, duplexer and LNA. System was for E-UTRA band 1 which has 190 MHz duplex
spacing and therefore the cancellations were done for the negative 7 order IM product
which center frequency was at the RX band. Furthermore, lower than 7" order products
are not at the RX band and therefore the highest IM product power at the RX band was
with the 7™ order product. The digital cancellation was done with the MATLAB pro-
gram which also commanded the VST.

The measurements were done with the TX powers from +11 dBm to +32 dBm at the
antenna port for both diode circuits. The same measurement was done also without the
diode circuit which showed that the TX filter of the duplexer attenuated completely the
IM products from the TX chain PA with these TX powers. The results demonstrated
that it is possible to reduce PIM with digital PIM cancellation, but more studies have to
be done. With both diode circuits the interference reduction was at least 5 dB, and even
14.8 dB reduction was achieved with the 50 Q resistor diode circuit when +20 dBm TX
power at the antenna port was used. However, the IM products powers were high and
more reduction would be needed. In theory, better reduction could be achieved by esti-
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mating higher order IM products in digital cancellation, because certain IM product
band contains also higher order IM products. Although, the measurements with a loose-
ly connected connector showed that it is difficult to generate very high-power 7" order
PIM products. For generating PIM products with a loose SMA connector, an external
PA in the input was required, which leaded to the situation where also IM products due
to the TX chain PAs were seen at the RX port of the duplexer.

For future research it would be important to do more measurements to achieve more
accurate averages of the IM interference attenuation with different TX powers. Fur-
thermore, it is important to study more about the PIM power levels in loose connectors,
which are the most common source of the PIM. It is possible that 7" and higher order
PIM products are not causing problems and therefore this PIM issue is relevant only in
base stations with narrow duplex spacing. Nevertheless, it is important to carry out the
measurements, which were done in this thesis, also with a base station duplexer which
has a narrow duplex spacing. With narrower duplex spacing, also 3™ and 5 order IM
products can be measured. Furthermore, 3" order PIM products could be generated in a
loose connection with lower TX power and without seeing PA’s IM products in the RX
chain of the transceiver.

In addition for future research, to achieve more reproducible measurements with a
loosely connected connector, a wrench with tunable torque could be needed to know
what the torque of the connection is. Furthermore, if a reproducible test setup for a loose
connection can be achieved, it would be interesting to study how PIM interfere data
transmission. This could be studied by including a vector signal generator to the antenna
port. Those measurements could be also tested with different modulations like 16-QAM
and 64-QAM which are also used in the LTE CA technology and which are more vul-
nerable for interference.
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