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Abstract—This paper provides the guidelines for the practical Conducted
development of novel advanced test beds for passive intermod- PIM source
ulation (PIM) measurements. The proposed test beds are high-
performance and flexible, allowing for the measurement of several Tx 1 +Tx 2
PIM signals of different orders, with two or more input carriers. —-
In contrast to classic test beds for satellite hardware, based ore € >
cascaded connection of several elements, an integrated solution PIM PIM
involving the minimum number of hardware pieces is proposed. backward forward

The result is a lower number of flanged interconnections thus

reducing residual PIM level and insertion losses. In addition, Fig. 1. Forward and backward PIM products from passive RF.

return loss degradation and harmful spurious generation in the

interconnections are also avoided. Measurement test beds for

conducted and radiated PIM, in both transmitted and reflected combining high power transmitted signals with weak recagive
directions, are discussed, highlighting the benefits and drawbacks sjgnals, which is usual in satellite communications, uirdes
of each configuration. Design guidelines for the key components PIM generation can, in fact, affect the throughput of thénipl

are fully discussed. lllustrative application examples are also - t the di ti f th hol
reported. Finally, excellent experimental results obtained from or even cause, In extreme cases, the disruption or the whole

low-PIM measurement setups, working from C band to Ka band, reception channel.
are shown, thus fully confirming the validity of the proposed PIM generation is normally attributed to thin oxide layers

configurations. and non-ideal metal contacts. PIM sources on satellite pay-
Index Terms—Intermodulation distorsion, microwave filters, loads may be divided into two main categories: conducted and
high-power filters, multiplexing, computer-aided engineering. radiated [5]. Conducted PIM is related to non-ideal cormstact

between components in the downlink RF chain [5], [6]. For

this kind of devices, PIM is generated both in the forward
nd in the backward direction, as shown in Fig. 1. Conducted
M is typically measured in the forward direction [1], [7],

I. INTRODUCTION
I N the last decades, the avoidance of passive intermo

Iat|0n'eff.ects (PHI\I/,I) has become a top-priority issue f 8]. However, different solutions for measuring backwattP
communication satellites systems ENgINEers, as a ComBAUG, 5 e also been discussed in the technical literature [T+ [9
of the ever more demanding payload requirements [1], [2L 1

PIM may, in fact, become an important source of performan
degradation due to increased transmitted power levels
higher capacity links, together with the need for simultare
operation in transmission (downlink) and in reception ifuipl
at different frequency bands [3], [4]. In the scenario

€Radiated PIM is instead generated by passive elements,
Eclfch as reflecting meshes or multi-layer insulators (MLIS),
illuminated by the downlink antennas. Typical measurement
etups for radiated PIM make use of separate antennas to emit
O?ne high RF power signals and to collect the PIM generated (if
Manuscript received July 31, 2017; revised October 4, 2aictepted any) [12]. However, reflected PIM test beds, using the same
November 29, 2017. This work has been funded by European Sgerecy  antenna to simultaneously transmit the high power cardeds

(ESA) through several R&D contracts, Ministerio de Ecoi@ry Compet- raceive the PIM signal, have also been reported [13].
itividad (MINECO, Spanish Government) under research ptoj&C2016- !

75934-C4-1-R, and by the European High Power RF Space Latpra The PIM specifications for high-powgr commu_n_icatio_n sys-
This paper is an extended version from the IEEE MTT-S Intisnal tems, such as direct broadcast satellites or military Igatel

Conference of Numerical Electromagnetic Modeling and Opttign for RF, systems, can be as low as -140 dBm. The measuring equipment
Microwave, and Terahertz Applications, May 17-19, 2017#ilge Spain. h ’ f b | 5 10 dB b h h ified
D. Smacchia is with ESA-VSC High Power RF Space Laboratorgezg MUst therefore be at least 5 or etter than the specitie

Valencia, Spain. Email: davide.smacchia@val-space.com level of PIM. This is a tall order for standard measurement

P. Soto, V. Boria, M. Guglielmi and J. Garnica are with ITEAM,jnstrymentation. Invariably, it requires custom measwets
Universitat Poliecnica de Vaincia, 46022, Valencia, Spain. Email: pab-

sopac@dcom.upv.es, vboria@dcom.upv.es, marco.guglielei@itpv.es  SELUPS, deyeloped for specific measurement accuracy and
C. Carceller was with iTEAM, Universitat Patitnica de Vaincia. He is system design [1], [14].

currently with Kyocera International Inc., San Diego, CA1d1, USA. Classical satellite hardware test beds for measuring con-
J. Galdeano and D. Raboso are with European Space Reseadch

n . ; :
Technology Centre, European Space Agency (ESTEC-ESA)dNdix, The dlcted or radiated PIM in the forward (transmitted) or
Netherlands. Email: jaione.galdeano@esa.int, davidsa@esa.int backward (reflected) direction, are usually composed of the



cascaded connection of several blocks [5], [8], [12], [13]. TABLE |

This solution has several drawbacks. The interconnections TYPICAL CUSTOMER REQUIREMENTS FORPIM TESTS

degrade the return loss, are prone to generate unwanted— 7 Tx2 T 3rd order PIM T 7ih order PIM
spurious resonances, and also increase the number of flanged™s2 (dBm) | 52 (dBm) <-140 dBm <-150 dBm
interconnections (which may become additional PIM soyrces <-192 dBc <-202 dBc

Moreover, the insertion loss of several individual elersest

accumulated. Another classic limitation of such test beschA th t hard ¢
is their low flexibility, as they are normally designed forlypn S a consequence, the measurement hardware must ensure a

two particular input channels, and with a narrow detecti [election higher than 155 dB in the PIM recepiion band (see
bandwidth for measuring onI;/ one specifia| = |n| PIM able 1). This specification can be normally relaxed for PIM
product term bands placed far from the transmission band, as the spurious
In this paper, novel high-performance PIM test beds for bo%engrated by HPAs decreases rapidly further away from the
conducted and radiated scenarios are described. Thessmuti“® <" . L . -
ﬁne important consideration is that the low noise amplifier

that int t .
at we propose are based on an integrated and comp@ A) connected to the PIM reception port of the test bed

structure, reducing the number of interconnected elemémts n prod anificant levels (cl t0 -150 dBmM) of activ
addition, the proposed test beds are flexible. They allovthfer |06: rrr;od UIC% Sng AII?/Ia wk? ﬁ? ch l())setwo ) rier wi)thoin?cn €
evaluation of several PIM orders without any modification gfirermoduiatio (AIM), when fed by two carriers e

the setup, and can deal with more than two input carriers. I‘I:)/ greater thar: '819h_dB£|1MTh'S resullt IS '.?:?ﬁ d Conﬂrgli/(lj
development of such integrated high-performance solstion y measurements. 1his can overiap wi € wea

troduces severe specifications for the hardware. DesigfcaspS'gnal to be detected, thus reducing the sensitivity of ése t

of the hardware and PIM measurements in various satellﬁgd' To av0|q thls situation, the isolation of the PIM chdnne
bands are also included for completeness. In"the transmission band must be at least 140 dB (see Table I).

Due to the lack of detailed information on this topic, mainl Last, but not least, the design of a custom test bed for each

to protect industrial know-how and proprietary informatidat )f)egl(E:;%slsngggr?gt:gcealc:)nn(t;:\rﬁez of cost. As a result, flexible

is difficult to asses the industrial state-of-the-art fokMRhea- '

surement setups for satellite hardware. The results pedvid

in this paper can, therefore, also be useful to set a benghmB Conducted forward PIM

for PIM measurement test beds in various satellite frequenc Let us start the discussion with test beds conceived for mea-

bands. suring conducted forward PIM. One solution for implemegtin

flexible test beds consists of using a hybrid-based network

II. PIM TEST SETUPS to combine the input carriers [1], [5] (for reflected PIM, see

for instance [11]). This solution provides high flexibiliin

A. PIM setup design specifications , , , .
. . terms of number of input carriers and their frequencies, but
Typical customer requirements for PIM tests on elements @k, q,ces the high insertion loss of the combining network

the RF chain of satellite payloads are compiled in Table I. A(ﬁt least 3 dB for 2 carriers and 4.8 dB for 3 carriers). This
we can see, a PIM test bed must be able to handle very higly, 51, s indeed possible for systems operating with mode

power_levels. Furthermore,_low insertion losses are reduwate power levels (about 40-45 dBm), such as mobile networks
to avoid unwanted thermal issues, and to conserve the po ]. However, power generation in satellite links opeati

of the high power amplifiers (HPAs), the most expensive itely higher frequencies is very expensive, and a reduction of

in the measurement setup. _ several decibels in input power cannot be tolerated.
The test bed must also allow the detection of ultra-low PIM For satellite applications, the most common solution con-

signals (about -150 dBm). This requirement implies that theqq of modular PIM test beds composed of several elements,
PIM generated by the test bed itself must be extremely low Yohich can be changed to fit each scenario. A typical diagram

avoid masking the weak signal to be measured. As a resut5l|tmck is shown in Fig. 4 of [8], where a total number of 26

low-PIM techniques must be used for the hardware designg|ements (including 7 filters and 2 diplexers) is used foyonl

« Tuning elements must be avoided. two input carriers. The input channels and the PIM reception
« The number of flanged interconnections must be minthannel are normally narrow band, so that a change in the
mized. input frequencies, or PIM order, normally requires a défer
« The flanges must be designed to withstand high pressigeq of filters and diplexers.
in order to reduce (ideally avoid) PIM generation. The innovative approach that we propose in this paper to
« The hardware assembly must not interrupt current linegetect conducted PIM in the forward direction is shown in
thus requiring single piece manufacturing (i.e., electrgig. 2.
forming), or devices manufactured in two identical halves This setup reduces the number of components of the test bed
(clam shell manufacturing). to the minimum: an input multiplexer that combines the input
Furthermore, the huge dynamic range requirement (abaatrriers, and a diplexer to separate the transmitted Plkbsig
200 dB) imposes extremely high rejection levels. HPA ifrom the input carriers. The input multiplexer is designed
saturation can, in fact, provide spurious responses of tabém be wideband with several input channels, thus allowing
-50 dBc at frequencies that axe 10 % away from the carrier. for the combination of two or even more input carriers in
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Fig. 2. Conducted PIM test bed for collecting forward PIM. Fig. 3. Conducted PIM test bed for collecting backward PIM.

a wide frequency range. Similarly, the PIM detection ch&nne As it can be noticed, the core of the test bench is composed
of the output diplexer is also wideband. This allows for thby just one multiplexer, which integrates the transmissiod
measurement of several PIM orders with the same test begtception filters in a single component. One of the chanrfels o
Note that the diplexer must also provide a moderate rejectithe multiplexer is dedicated to route the reflected PIM digna
(above 60 dB) in the PIM band between its output port (i.e9 the PIM reception port. The remaining channels are used
the one connected to the quiet load in Fig. 2) and its commtm combine the different input carriers. Both the transiniss
and PIM reception ports. This rejection prevents the passiand the PIM band are wideband, allowing for more than two
intermodulation generated by the input carriers at thetquieput channels, if required. This increases very substbwti
load (and its connection) from masking the weak signal to ee flexibility of the test bed. Furthermore, this setup has
detected in the PIM reception port. the same advantages already described in subsection II-B
This topology produces several benefits. First of all, @ver classic backward PIM measurement setups composed of
significant reduction of the number of mechanical connastioseveral cascaded elements [10], [11], [13]. The mechanical
in the main RF path. As a result, only the two connections t®nnections in the common RF path are again minimized,
the device under test (DUT) can generate PIM (in contrast tequiring only the DUT ports.
the five connections in the diagram block of Fig. 4 in [8]). In addition, this configuration allows for the PIM measure-
This helps to minimize the residual PIM level generated byent of one-port devices. Another advantage, if compared
the test bench. Other benefits introduced by this approach tr the forward PIM scenario, is that collecting PIM in the
its compactness, the lower insertion losses (due to theceedubackward direction allows for the relaxation of some of
number of filtering devices and flanged interconnections), the filter specifications. In particular, the isolation beém
well as a considerable simplification of the test bed assgmbthe transmission channels and the common port in the PIM
In addition, since both the multiplexer and the diplexeteception band can be reduced by the return loss of the DUT.
integrate all the required filters in a single component, thEhe same occurs to the rejection between the common port
proposed solution is not affected by unexpected resporaed the PIM port in the transmission band. Note that this
degradations. This represents a substantial improvemiesn wreduction in the rejection levels, however, cannot be apigio
compared with classical PIM setups [5], [8], [12], where ththe internal multiplexer isolation between its input poatsd
cascaded connections of several filters and diplexers asecahe PIM measurement port.
spurious resonance generation, and the deterioration eof thBackward PIM test benches are, however, very sensitive
overall return loss level (as it will be shown at the end db imperfections in the common RF path, thus the utmost
subsection llI-A, and illustrated in Fig. 9). care must be devoted to the manufacturing of the multiplexer
It is also worth mentioning that this approach does ngsymmetry and tolerances) and its common port. Moreover,
require low PIM specification for the load since the outpuas backward PIM setups are unprotected from degradations of
diplexer blocks the interferences back-scattered fromdahd. the quiet load, the design of a low PIM and low noise load
A drawback from this setup is that special care must b& fundamental to minimize the residual PIM signal genetate
dedicated to the output diplexer. This assembly must ny the test facility.
add PIM to the measurements, and the reception filter mustA compact single-piece backward PIM test (see Fig. 3)
guarantee a 140 dB damping of the transmission carrierg,Natan extend up to a frequency range of about 30-40%, which
however, that if the transmission and PIM bands are sepmhraie normally enough for low PIM orders (3rd, 5th or even
enough, this point tends not to be critical. 7th), that are the most critical ones in terms of amplitude
and frequencies. On the other hand, this configuration may
be unfeasible for PIM setups where the transmission and
C. Conducted backward PIM reception frequencies fall at quite separated bands. Ih suc
Following the same line of though, the proposed solutiacases, the integration of the transmission and receptinsfil
to detect backward PIM is provided in Fig. 3. in the same manifold, without undesired harmful resonances



scenario. Finally, the backward configuration eliminates t
cross-coupling effects between antennas that might iserea
the noise floor of the setup (in the form of residual PIM
generation or unwanted spurious/noise).

IIl. HARDWARE IMPLEMENTATION

P OROER : The compact PIM test beds proposed in section Il pro-
/ ‘ vides several advantages over traditional setups, dueeto th
integration of the different elements in a minimum number
Fig. 4. Radiated PIM setup for detecting reflected PIM. of hardware components. However, the complexity of the
key components of the setup is clearly increased, as the
requirements they must comply with are very demanding.
can be extremely complicated, even using special widebandaccording to subsection 1I-A, multiplexers for PIM mea-
techniques [16]. surement setups must be low-loss, handle very high power
For separate transmission and reception bands, it is f@rbefeyels, cover wide frequency ranges, include several adlann
to use a forward PIM test bed. This simplifies the hardwaggg guarantee outstanding rejection levels (about 14C4B§0
design by separating the input combining multiplexer fioret petween transmission and reception bands without tunieg el
from the output diplexer (at the cost of a bulkier and morgents. These are indeed demanding requirements, which must
expensive solution). Furthermore, for widely separateutba z)so be satisfied by all the filters included in the hardware.
the high-power tube-based HPAs tend to dramatically reducespome techniques have been recently proposed for wideband
the level of the spurious generated in the PIM bands. Aspgltiplexing [16], reporting manufactured multiplexersttw
result, a rejection of only 60 dB of the input multiplexeq,p to 6 channels and 40% relative bandwidth, suitable for PIM
at the PIM reception band may be enough to fulfill PIMneasurement test beds [16], [19]. However, the design sssue
specifications of about -200 dBc. related to the transmission and reception filters included i
A further difference between backward and forward PIMych multiplexing networks has not been described in dépth.

measurements is related to how different PIM sources intgfis section, we will expand the work outlined in [20] incing
act. According to research carried out with several idehtichew detailed application examples.

coaxial connectors, PIM contributions add in-phase in the

forward direction, whereas the phase difference (related A Transmission filters

the different location of PIM sources) plays an importariero” ™

in the backward PIM [17], [18]. Finally, further research is Two new families of low-loss high-power bandpass filters
necessary in waveguide technology, specially for backwa@ve been recently proposed, which are suitable for thitcpar
PIM measurement setups where the quiet load can bell@r application [19]. They are the Hybrid Folded Rectaagul

significant source of PIM noise floor in addition to the flangeWaveguide (HFRW) filters [21], [22] and the Modified Hybrid
connections. Folded Rectangular Waveguide (MHFRW) filters [23].

The main practical differences between the two families lie
. in the number and position of the transmission zeros (TZs).
D. Radiated PIM The HFRW configuration can implement an independently

With a few modifications, a setup for evaluating conductecbntrolled TZ for each cascaded trisection [16]. On the othe
PIM in the backward direction may be also employed fdnand, the MHFRW can generate one TZ for each coupling
radiated PIM measurements (see Fig. 4), thus inheriting alindow (tuned by the stub created by the resonator location)
the advantages of integrated PIM test beds over traditioriaus allowing a higher number of TZs for the same filter order
configurations [12], [13]. As it is shown in the figure, a hortj23]. An advantage of the HFRW configuration is that the TZ
antenna is connected to the multiplexer common port, whicln be placed very close to the filter passband [22]. For the
radiates towards the DUT located in a low-PIM anechoiIHFRW configuration, and in the cases where the coupling
chamber. The same antenna is used to receive the radiaténbow must also provide a strong direct coupling, this ik/on
PIM signal generated by the DUT. possible for higher order resonators (i.e.,J£or above) [23].

A compact test bed for measuring radiated PIM could After adding design margins, to cope with manufacturing
also be assembled using the elements of the forward Piblerances and variations of the operating temperature, th
setup shown in Fig. 2, after connecting a transmitting aruist step for the design of the transmission filters is the
a receiving antenna to the common port of the multiplexehoice of the resonator configuration. Particularly impott
and diplexer, respectively [12]. However, the test setup fes the selection of the resonant mode of the cavity (¢}
measuring reflected PIM has several practical advantages dae to its impact on the filter performance. Filters based on
satellite applications. First, the same antenna is usetiddr TE;,, resonators have a-times stronger robustness against
transmission and reception, so that the measurements manufacturing tolerances than filters using;J{Eresonators.
representative of the real PIM behavior of the DUT undérhis is a key point for the accurate implementation of tuning
operating conditions. Second, it allows for the measurémdass filters. In addition, power-handling capability ansdrtion
of PIM signal in foresight, which tends to be the worst cadesses are also improved. The disadvantages of using higher




[62]

o (r <
g ~ |
= D h ‘
N J = .
(28 -, >
- el ’r r =
~— Y .. ] ., T~ ___-- ‘."
D 150 L|—Normal width A -
- -Enlarged width | -
140F....gR SRR 3
160 i ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ @
32 34 36 38 4 42 44 46 48 5 52

Frequency (GHz)

Fig. 5. Comparison between different resonator types fohao6der HFRW

filter with requested stopband ranging between 4.4 GHz adid>#z. & -50r
o -75r
g -100
. . . a -125
orders resonators for the filters are their larger size ai = 150
relatively narrower spurious-free frequency window, duéhe 2 s
increased number of higher order modes coming into play 200]
the frequency range of interest and also to the presence -225 ‘ ‘ ‘ ‘ ‘
. . . . 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2
lower order resonances in the response. This, in turn,dimi Frequency (GHz)
the frequency range of the PIM test bed. ()

However’_the spurlous_-fr_ee range ar_]d rejection of Fhe _re@j. 6. (a) Topology of a 6th order HFRW filter with SIR resaratproviding
ceive band in the transmit filter can be improved by adjustingrransmission zeros. (b) Optimized final response.

the resonator width, and by including capacitive sectiorthé
HFRW or MHFRW resonators (i.e., using stepped-impedance
resonators (SIR) [24]). _ L - . .
Fig. 5 shows the stopband performance of a 6th ord ratenals, and it imposes a limit to the possible maximum
HFRW filter with TE;; resonators that must provide a highIter order. o ]
rejection in the frequency range between 4.4 GHz and 4.gFurthermore, although the expression in equation (1) has
GHz. The design with the same width as the input pop[een proven in praf:t|ce to be quite accurate, the |n|_t|§1tsgue
(WR229 standard), is not suitable for such an applicatidifovided for the filter order must always be verified by
due to the spurious passband at about 5 GHz. A filter wifi€ans of a Montecarlo analysis carried out on the design
enlarged width is able to shift this undesired passband Rgrameters and more sens_lt_l\{e filter dimensions. This check
higher frequencies (although special attention must betgey 2N b€ performed using an initial HFRW or MHFRW structure
to the response of higher order modes which can be excited"whom tr_ansmllssmn zeros, and later confirmed for the final
manufacturing or assembling asymmetries, such as thg)TE (0P0I0gy including all the needed TZs.
The best performance in rejection terms is obtained using aAt this point, the designer must choose between a HFRW
stepped-impedance resonator (SIR) configuration maintgin© MHFRW topology. This choice essentially depends on
the original width, at the expense of the higher insertiasés the separation between transmission and PIM bands, since
related to the capacitive sections inside the resonators. MHFRW filters may not be able to implement the TZs at the
Once the resonator shape has been chosen, the maximi@ftested PIM reception band if the two frequency bands are
order of the filter for tuning-less implementation must b0 close to each other.
determined. The following step is the choice of the filter layout, as itlwil
Although, as reported in [25], the required manufacturinge later integrated in a multiplexer. Heat dissipation,pero
tolerance? is found to be proportional to the relative bandmechanical coupling between filter halves (which requires
width and inversely proportional to filter order and centetdditional space for placing screws), multiplexer compess,
frequency, we prefer to use the following improved exprassi and appropriate location of the waveguide ports to ease the

[26]: external connections are all important issues that musihent
BW.\L5 into account. The final physical arrangement of the filter can
T x p—peint (1) also reduce the maximum number of attainable TZs, espgciall
NT5)\03 ,» ESpg
g,

for the HFRW topology. In addition, to increase the isolatio
where BWW, is the relative bandwidth in wavelength term¢, between the filters attached to the multiplexer (avoiding un
is the filter orderp is the resonance order of the cavity (FfF Wanted resonances due to the filter interconnection network
mode), Az is the guided wavelength at the passband centdP]), the first TZ of the filter should not be introduced befor
frequency and\, v is the wavelength at the center frequencthe end of the first resonator. If a higher rejection is regpiin
of the recommended operational band of the waveguide.tite PIM reception band, the designer can replace some filter
is important to appreciate that the minimum manufacturirgpupling windows with the capacitive obstacle proposed in
tolerance depends on the manufacturer capabilities,rdetes  [27], which is able to provide additional transmission zero
the fabrication cost, the filter manufacturing processed an If the HFRW or MHFRW filter designed is unable to provide



the extremely high rejection required between the transionis
band and the PIM reception band (see subsection II-A), a ‘)"
low-pass filter or a high-pass filter (depending on the fre-

guency position of the PIM reception band with respect to -
the transmission channels) can be attached. An integrate ~®
design is preferred, since it is able to avoid noticeablarnet

loss degradation, can shift the spurious resonances dine to t

filter interconnection outside of the PIM reception bandj an

improve manufacturing robustness against tolerances.

The first example of transmission filter for a PIM setup is
shown in Fig. 6. It corresponds to the first channel of the Sﬂ“ernape‘
C-Band PIM setup reported in [16]. The transmission band Low paS
ranges between 3.4 GHz and 4.26 GHz, whereas the reception
PIM band is located between 4.5 GHz and 4.85 GHz. Th"ig. 7. Final topology of a transmission filter composed of a dtter
wide bandwidth involved (36%) only allowed T& resonant MHFRW bandpass filter with an integrated low-pass filter. Bhadpass filter
cavities to be gsgd. An HFRW filter topology W?.S _chosen f(g(/c;\llé(.jes 5 transmission zeros, 3 of them controlled by thiesstemarked with
all the transmission channels, due to the proximity between
the transmission and reception bands. The first channel w 0
designed to provide a passband between 3.39 GHz and 3 -20
GHz with a return loss of 25 dB. A stepped-impedanc
resonator was used to improve the rejection in the relgtive
far PIM reception band (see Fig. 5).

With the tolerances available at the time of manufacturing
the maximum filter order was 6, in order to ensure a passba
return loss greater than 20 dB. This filter order allows th -140
introduction of 2 HFRW cascaded trisections, thus progdin Ao T T o0 21 25 23 24 25 26 27 28 29 30 31 @
2 TZs. The attenuation obtained with these 2 TZs in th Frequency (GHz)

PIM band was lower than the goal rejection of 165 dB.

Therefore, an output coupling window providing 2 extra TZEi9. 8. Optimized response of the isolated 4th order MHFRWipass filter
. . . . . . with 5 transmission zeros.

was included in the final design [27], as shown in Fig. 6a.

Fig. 6b represents the final response of the filter designied us 0

AuroraSAT FEST3D v6.9. .25

The second illustrative example is a transmission filter fc
a K/Ka-band PIM measurement setup, as shown in Fig.
The required filter passband ranges between 21 GHz a
22 GHz, whereas the PIM reception band extends from :
GHz to 31 GHz. Again, only Tk cavities are able to
avoid undesired spurious passband in the wide PIM recepti 4751
band. A MHFRW filter topology was selected, since the PIN -200

20 21 22 23 24 25 26 27 28 29 30 31 32

1S, 1,1 (@B)

—Integrated solution| |
- -Cascaded solution

IS, 1,1 (@B)

reception band is far enough from the filter passband. Tl Frequency (GHz)
maximum filter order allowed by the manufacturing tolerance
was only 4 for a return loss goal of 20 dB. Fig. 9. Comparison between an integrated design of the basdjad low-

pass filters, and a cascaded connection of both filters threugiaveguide

The MHFRW filter topology has the capability of providinGsection of 15 mm.
a high number of TZs, as shown in Fig. 7 and 8. In this
case, 5 independent TZs were implemented in a 4th order
filter. The number of attainable TZs is higher than the filtgulfill the rejection requirements for this particular ajogation.
order since the TZ generation is not limited to the well-knowA low-pass filter has therefore been added in the transnmissio
cross-coupled configurations [1]. In this implementatiomp  channel (see Fig. 7). In contrast to classical PIM test bibes,
of the TZs are provided by the coupling window between firéow-pass filter must not be an external element to be condecte
and second resonator [27]. The other 3 TZs are generatedascade to the input channel bandpass filter. In our soluti
in the following coupling windows of the structure, beingan integrated design of both elements has been carried out
controlled by the stub sections highlighted in Fig. 7 [23)esulting into a more compact hardware.
The reported topology also exhibits geometrical flexiilithe There are important differences in the performance of each
bandpass filter shape has, in fact, been optimized to rettecegolution, as shown in Fig. 9. The cascaded solution is formed
multiplexer footprint, and to have the best port positignto by connecting a 25 dB return loss low-pass filter to the
facilitate the external connections of the test bed. MHFRW filter (see its isolated response in Fig. 8) through a 15
Due to the huge bandwidth of the PIM reception band, threm length waveguide section. The return loss of the cascaded
rejection provided by the MHFRW filter on its own did notconfiguration is degraded by about 5 dB (theoretically, it ca



1 order band pass isolate the reception filter from the rest of filters integuht
filter with tapering in the wideband multiplexer/diplexer (avoiding unwanteg-r
onances), performs the tapering to the high-pass sectiwh, a
simultaneously increases the rejection of the input carrie
\/\ A practical example is shown in Fig. 10a, where a 5th
\ order direct-coupled band pass filter is followed by a high-
pass section. Note that this filter also performs the tapgerin
and contributes to about a third part of the attained rejacti
in the transmission band. The response of the complete PIM
reception filter is shown in Fig. 10b, and fulfills the rejecti
needs in the transmission band. Note also the slightly ufegg
shape of the 25 dB passband ripple, due to interactions
between the bandpass and the high pass filters which can be
kept under control in an integrated design.

251 If, on the other hand, the PIM reception band is placed
& Sof below the transmission channels, the usual solution isla stu
Eﬂ 75 f based low-pass filter with enhanced rejection in the tragsmi
@ -100F sion band [28]. The low-pass filter normally outperforms a
:: 1251 passband filter (provided that enough separation existeseet
= -1s0p the PIM and transmission bands) thanks to the non-resonant
4751 nature of its elements. It normally takes up less physicatep
a4 36 38 4 42 a4 a6 a8 5 52 with smaller insertion losses and shows improved robustnes
Frequency (GHz) to manufacturing tolerances.
(b)
Fig. 10. (a) Topology of the PIM reception filter for on-boahdrdware IV. EXPERIMENTAL RESULTS
fgggﬂ:‘_ﬂ of a band-pass fiter and a high-pass section. (iniagd! final Several PIM measurement setups have been developed

following the theory and guidelines described in this pgpee
Sections Il and Ill). Some of the multiplexers developedehav

reach up to 6 dB), and an unwanted resonance appearé”’r’ﬁn discus.sed in the tgchnical Iiteraturg as app!icaﬁen e

the PIM band (since both filters are reflective at the PIMples of wideband design and multiplexing techniques, [16]
reception band, the interconnecting waveguide creategryhi [19]- In this section, we will focus on the passive inter-

selective resonator). In the integrated design, the relnss modulation performan_ce of the test beds by descrlblng_the
degradation can be compensated, and the spurious reson&xgllent results obtained in several conducted and eadliat

can be controlled and shifted to non-harmful frequencieis. | €St campaigns.

worth pointing out that a PIM measurement setup composed

of separated elements connected in cascade would have macConducted forward PIM test bench

cumulated several degradations of this kind. In the diagrama measurement setup for conducted PIM in forward direc-

block in Fig. 4 in [8], up to three filters and a diplexer argion, in K/Ka-band, as sketched in Fig. 2, has been designed,

connected in cascade for each input channel, thus implying g icated and mounted. A photograph of the resulting PIM
severe impact in the overall PIM test bed performance. Thisst ped is shown in Fig. 11.

is one of the key advantages of the novel integrated PIM testrhis test bench operates at K/Ka-bands following the ITU

beds proposed in section II. Regulations for Ka-band satellite Payloads [29]. The cdre o
o the setup is composed by an input triplexer able to combine
B. Reception filters up to three high-power input carriers in K-band (17.3 GHz to
For a flexible PIM test bed enabling the measurement 82 GHz) and one output diplexer whose reception channel
different PIM order terms, the bandwidth of the PIM bands designed to operate in Ka-band (27 GHz to 31 GHz).
is normally wider than the one of an isolated input channdbepending on the combination of transmission carriersrstv
Higher filter orders can therefore be used. In addition, tHdM orders can be collected at the PIM reception port (5th,
typical rejection levels needed are somewhat lower (see sulh, 9th, 11th, 13th, etc...). The insertion loss was abadbit 0
section II-A) and are required on one side of the passband ordB in the worst input channel, clearly showing the superior
As a result, the design of PIM reception filters is normallinsertion loss performance of this integrated solutiore fibge
easier than the design of transmission filters. bandwidth covered by this setup made unsuitable an inedjrat
In applications where the PIM reception band is placed ablution for backward conducted PIM, as the one shown in
frequencies that are higher than the transmission band (fig. 3.
usual situation of satellite payloads), the proposed &mius a The measurement technique employed to calibrate both the
bandpass filter followed by a high-pass section. The bansl p&iansmission carriers and the PIM noise floor is based on a
filter performs three important tasks, namely, its resasatcstandard procedure of the ESA-VSC labs, which is consistent
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The validation results are provided in Table II, where a
straight WR51 waveguide section, manufactured in a single
piece, was inserted between the input triplexer and theubutp
diplexer in order to consent the physical mating between the
two components. This short low-PIM waveguide section will
therefore be assumed as part of the setup. Two input RF
carriers of 160 W each were injected in the setup, and a 7th
order PIM product was measured. Fig. 12 shows the evolution
of the PIM signal detected in terms of time. Once the power
of both carriers reached 160 W, a transmitted PIM level of
-160 dBm was measured. However, after waiting the thermal
stabilization of the setup, the detected PIM level decrase
to the range between -165 and -168 dBm. Therefore, the
residual PIM level of the measurement test bed, probably due
to the high-pressure input and output flanged connections to
the common RF path, was around -165 dBm (see Table II).
Observe the difference in complexity between this forward
PIM test bed and the ones reported in [5], [8], as well as
the reduction in the number of interconnections capable of
generating undesired PIM.

Next, the DUT was replaced with a short section of WR51
flexible waveguide, and a PIM signal of -113 dBm was
detected in the spectrum analyzer.

These results prove the validity of the proposed PIM mea-
surement setup, and the excellent residual PIM level of the
complete test facility. Unfortunately, to the authors kiextge,
there is not published data of noise floor for PIM measurement
setups working at K/Ka band. Anyway, a comparison with the
data from forward PIM test beds at Ku-band reported in Table

. . _ 20.7 in [1] (noise floor of -140 dBm for 3rd order PIM with
Fig. 12. Evolution of 7th order PIM level versus time for thekidtband PIM

setup with two input carriers of 160 W.

CONDUCTED FORWARDPIM AT K/K A-BANDS, TEST RESULTS

TABLE Il

two 46 dBm input carriers) and in [8] (noise floor of about
-145 dBm for 3rd order PIM with two 52 dBm input carriers)
shows the excellent performance of this setup operating at a
higher frequency range. Note also that the thermal noisie lim
for the 1 Hz detection bandwidth used in the measurements is

Tx 1 | Tx 2 | 7th order PIM

about -173 dBm.
Frequency (GHz) | 17.5 | 20.0 27.5
RF levels (dBm) 52 52 < -165 (*)

B. Conducted backward PIM test benches

(*) After thermal stabilization

In order to perform backward conducted PIM measure-
ments, a test bench operating at C-band was assembled as

with the one already described in [1]. This procedure can Bescribed in Fig. 3. The test bench operates at C-band ogveri
summarized as follows. almost the whole WR229 recommended operational frequency

Referring to Fig. 2, both the transmission carriers and thange. This is close to the maximum achievable bandwidth for
PIM level were calibrated at the input port of the outpua test bed composed of a single multiplexer combining the
diplexer (DUT reference plane). The calibration for eaelm$r input carriers, and separating the reflected PIM signal.
mission channel consisted in measuring the offset between t The core of the setup is a four channel multiplexer able
reference plane and the power meter, at the correspondiogcombine up to three RF carriers in the frequency band
transmission frequency signal. The PIM channel was cabetween 3.4 GHz and 4.26 GHz, and one reception filter
brated by injecting a weak carrier at the PIM frequency (abowith passband between 4.5 GHz and 4.85 GHz. Depending
-90 dBm) through the input port of the output diplexer. Then the transmission carriers, several odd PIM orders can be
amplified signal displayed by the spectrum analyzer pralideollected at the PIM reception port (3th, 5th, 7th and 9tie T
an offset to be subtracted from the actual PIM measuremem¥erall insertion loss was again below 0.5 dB for all the inpu
Once the power level at the reference plane has been defirgdhnnels.
the next step was to validate the test facility without theTDU The same calibration procedure described in subsec-
in order to provide the value of the residual PIM noise floor afon IV-A was applied, considering as DUT reference plane
the setup. The last step was to check the effective capabilihe common port of the multiplexer.
of the test setup to detect a weak PIM signal, by inserting asTable 1l summarizes the results from a PIM measurement,
DUT a sample having well known poor PIM performance. where two input RF carriers were employed to evaluate the



Fig. 14. Ku-band setup assembled for testing radiated PIM.

Fig. 13. C-band setup assembled for testing backward coed uritM.

TABLE V
RADIATED PIM AT KU-BAND, TEST RESULTS
TABLE IIl
CONDUCTED BACKWARD PIM AT C-BAND, TEST RESULTS TX 1 T 2 3rd order PIM
Frequency (GHz) | 11.468 | 12.735 14.002
Tx1 | Tx 2 | 3rd order PIM RF levels (dBm) | 52 52 | < -145 with Blank
Frequency (GHz) | 3.58 | 4.17 4.76 50 50 < -132 with MLI
RF levels (dBm) | 50 50 <137 =
c TQR}I-E '\& with a straight piece of waveguide (spacer) as DUT. The
ONDUCTED BACKWARD AT RU-BAND, TEST RESULTS measured results for 3rd order PIM with two input carriers
Tx1 | Tx2 | 3rd order PIM of 160 W at the DUT port are compiled in Table IV. The
Frequency (GHz) | 11.468 | 12.735 14.002 same setup was employed to evaluate higher PIM orders (5th,
RF levels (dBm) | 52 52 < -145 7th), showing a noise floor below -152 dBm in both cases. The

results obtained for 3rd order PIM are essentially the sasne a

. . the state-of-art PIM measurement setup for conducted forwa
3rd PIM order of a straight WR229 standard waveguide (S%?M at Ku-band used in [8], although backward PIM measure-

Fig. 13). The measured PIM .Ievel C(_)uld be attributed_ to ﬂ}ﬁent setups may be noiser as they are affected by the PIM
quiet Iogd rather than the multlplex_er itself. The resuﬂplles enerated at the quiet load. Anyway, the proposed integjrate
a margin greater than 15 dB with respect to typical P”@e%up has advantages in terms of flexibility, compactness,

specification at C band, as reported in the last s:entenceec.g‘Se of assembly, insertion loss, return loss degradatiun,

section 1.8.4 of [1], thus confirming the effectlve_ness @ thspurious generation from PIM measurement setups based on
syste_m to evaluate the PIM performance of satellite harelwa{he cascaded connection of several blocks.
This C-band quadruplexer has also been successfully used
in a test campaign to measure the PIM generated by three
input carriers operating simultaneously, and for therreats . :
combining more than 2000 W at the DUT port. These reC_. Radiated test benches for measuring reflected PIM
sults clearly demonstrate the flexibility of this PIM testdbe The same Ku-band test bench used for backward conducted
designed to cover the whole C-band frequency range. PIM measurements just described, was modified by the in-
Another test bed for evaluating the conducted PIM perfosertion of a horn antenna in the common RF port of the
mance in the backward direction for Ku-band has also beenultiplexer (see equivalent block diagram in Fig. 4). As a
developed. This test bed has been designed to fit the spec#sult, a test bed to perform radiated PIM tests was obtained
cations of the ESA Small Geo Payload. It was assembled aamslshown in Fig. 14. Measurements were carried out with the
used to evaluate the PIM performance of the Compact Anterauiatenna placed inside a sealed anechoic chamber, in order to
Test Range (CATR) facility in which the payload was testedissipate the radiated power from the carriers and minimize
before launching the satellite. the disturbances from the environment, which may mask the
The main element of this PIM setup is a three port mugffective PIM signal to be measured.
tiplexer with two moderate bandwidth transmission chasinel The performance of the facility was evaluated for third orde
in the band from 11.15 GHz to 12.75 GHz, and with a PINPIM with two test scenarios, the blank one (radiation thioug
channel working in the frequency range between 13.7 Ghtze anechoic chamber walls) and after inserting a multirlaye
and 14.55 GHz. Depending on the particular frequency of tivesulator (MLI) sample at 1.2 m from the horn as DUT. The
transmission carriers, 3rd, 5th and 7th order PIM termsdcoulheasured results are summarized in Table V. As it can be
be collected at the PIM reception port. observed, a low-PIM high performance multiplexer conogive
Taking the common port of the multiplexer as the DUTor measuring conducted backward PIM is also suitable to
reference port, and after applying the calibration proceduperform accurate measurements on reflected radiated PIM
described in subsection IV-A, the setup was first operatsiynals.



V. CONCLUSION [71

In this paper, novel, compact and flexible PIM measure-
ment test beds for satellite systems are described. Instead|8]
the traditional solution based on the cascaded connecfion o
several devices, an integrated and high-performanceicolut
based on manifold multiplexers is proposed. The number dfl
flanged interconnections is therefore reduced to a minimum.
This results in lower PIM generation by the test bed, reducea
insertion losses, absence of return loss degradation,\anid-a
ance of harmful spurious resonances related to componﬁq}
interconnections.

The PIM measurement setups discussed cover wide fre-
guency ranges and are not limited to only two input channe%?]
As a result, several orders of PIM generated with differeqts)
number of carriers placed at different frequencies can be
measured effectively with the same test bed. [14]

An integrated solution, however, results in extremely de-
manding specifications for the wideband multiplexers and
filters for the test bed. Key guidelines and examples for t
development of such filters and multiplexers are included In
the paper. [16]

Experimental results from different test campaigns, edirri
out with PIM measurement test beds developed according]
to the principles proposed in this paper, are described. The
measured values of PIM over different frequency bands lgleaf; g
demonstrate the flexibility and accuracy (close to fundaaien
limit set by thermal noise) of the test equipment. 9

Finally, we believe that the PIM measurement test be&ls
presented in this paper, and the experimental resultsreutai
represent a benchmark for PIM measurements in satellﬂ'gg]
systems.
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