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Abstract—In this work, the power handling capability of the design and development of multifunctional devices by
microstrip filters is studied in detail. This study is addresed integrating, in an easy way, varactors, diodes and/or micro
from two perspectives, depending on the physical phenomeno electromechanical systems (MEMS) [3]-[5].

limiting the maximum power that the microstrip filter can han dle. | icati t filt K t both i
One of these phenomena is air breakdown or corona effect, ' @ny communication system, filters are a key part both in

which is linked to the peak power handling capability (PPHC) the transmitter and the receiver subsystems, to let passghe

of the device, and the other is the self-heating, which limg the nals of interest, limit the bandwidth and related power déao
device average power handling capability (APHC). The analsis  contributions, and reject the out-of-band or non-desiigaias

is focused on three kinds of filtering topologies widely usetoth (which can come from the active stages of the transmitter

in academia and industry, such as the coupled-line, stepped . . .
impedance resonator and the dual-behaviour resonator base and receiver, and/or be received by the antenna), thusrgepi

filters. Closed-form expressions are computed to predict bk in this way a high dynamic range of the system. Microstrip
the PPHC and the APHC as a function of the geometrical bandpass filters BPFs have been widely studied and tackled in

pafaTetef_S of tthe {esonlaf[orfhintegraéing the f”ie:-_ GUi?etiges the literature, and one can find a large number of filtering
are ailso given to extrapolate the provided computations tower H § H H .
fiIt_ering tgpologies basgd on otherpkinds_of resorrl)ators. Toalidate ;ﬁpokljgle_s p;resentllndg_lla big (;/artlety OJ .respc()jnses [6]; froin
this research study, three bandpass filters centered at 5 GHz e classica COUp_e Ine and stepped impe an_ce ressnato
have been implemented and fully characterized by means of filters, both to design narrow-to-moderate bandwidth BRf-s,
two measurements campaigns which have been carried out, oneother more recent filtering topologies for the design of wide
for the PPHC and another one for the APHC. The measured pand (or even ultra-wideband UWB) BPFs, such as signal-
results have valid_ated the performed study and corroboratd the interference techniques [7]-[9] or multiple mode resonato
conclusions obtained throughout the paper. (MMR) filters [10], [11]. Typically, microstrip filters aresed
Index Terms—Average power handling capability (APHC), in low power applications up to around 30 dBm. However,
coupled-line filter, electro-thermal analysis, microstrp filter, peak o yise and success of solid state power amplifiers (SSPAS)
power handling capability (PPHC), power applications, steped has . . . L .
impedance resonator (SIR). put in the spotllght_ the use of mlcrostr|p f||ter§ alsohia t
output stages of the high-power transmitters. This makes es
sential the study of the power handling capabilities of theesim
. INTRODUCTION common used topologies implementing microstrip filterpges
ICROSTRIP circuits have been widely used in the pastially for narrow-to-moderate bandwidth applications,end
but also in the present, in a huge number of applicatiolzsses and voltage magnification can be important. In [12]-
due to their low size and weight, low-cost manufacturing arfd4] the study of average power handling capability (APHE) o
easy integration with other devices. The flexibility of thignicrostrip circuits has been addressed. The APHC is defined
technology allows the design of multitude of componentshsuby the heat that the circuit is able to generate and how it is
as couplers, dividers and filters with very high demandirmdglivered to the environment. It has been shown that passive
specifications, in terms of size as well as of transfer funmcti microstrip circuits presenting resonating elements méyraf
response [1], [2]. In addition, microstrip technology alagors power levels up to 5 W keeping their maximum temperature
lower than 100C, which avoids excessive thermal stress and
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detail the average and peak power handling capabilities of Res. #2
typical microstrip filters, such as those based on couptes- Res.#1 | Res. #3

resonators and dual-behaviour resonators (DBRs), whieh ar
very well-known topologies and are widely used in multitude %1 Zo3
of applications. The paper is organized as follows: in ®ecti . o
Il a theoretical analysis and modeling, regarding PPHC and
APHC, of three very used microstrip filtering topologies is
addressed. This modeling has been generalized in order to be %02
1cm

extrapolated to other kinds of bandpass filtering configomat

In this regard, closed-form expressions have been obtédared

the estimation and prediction of the maximum power (both (@)
average and peak power) that a microstrip filter can afford as Res. #2
a function of the characteristics of filter resonators. $mve
examples are analyzed and the analytically computed values
are compared to simulations showing a very good agreement.
Section Il describes the two measurements campaigns which I Inverter -1
have been carried out to validate this research study (ane fo
the PPHC study and the other for the APHC one). Three
bandpass filters operating in the band of 5 GHz have been
implemented and fully characterized in the performed axper

Zo1,1
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mental campaigns. The measurements results have validated (b)

and corroborated the performed study. In Section 1V, the Res. #1 Res. #3
limitations of the theoretical predictions are discussauail Via hole —

finally, Section V summarizes the main conclusions of this Res. #2

work. Zo1,1 2013

2012

II. DESCRIPTION THEORETICAL ANALYSIS AND
MODELING OF MICROSTRIPFILTERS

For the design of bandpass filters in microstrip technology
with narrow-to-moderate bandwidth, filters based on caliple
lines and stubs (and their variations) are probably the most
well-known and chosen topologies. They have been widely
used in a successful way both in scientific and commer-
cial contexts. With these topologies it is possible to desig ©
bandpass filters in the range of 1-20% with a mOder%. 1. Layout of the three kinds of filters under study. a2 coupled-line
size. Narrower bandwidths would still be possible but at ther. (b) Filter based on DBRs type I. (c) Filter based on BEfgpe I1. All
expense of excessive insertion loss for most of appIicatiorjn';tr‘:fsas‘cf}lel(;jSeSSitgaff?3 r(t)tg tgej%moeo ;)U?;tgaeie;nigia ”;tc‘;”‘ésjfzt a=n3~L1a£e .
unless ultra-low loss materials, such as supercondudbangea fractional bandwic?th oanB\7V=$%. More details about themlWwa given in
ceramic substrates, were used. Fig. 1 shows the layoutt@ffollowing sections. Layouts plotted at the same scale.
three very common kinds of these filters: one of them based
on half-wavelength parallel-coupled line resonators amel t
remaining two based on stub-based dual-behaviour ressna®. Peak Power Handling Capability
DBRS_ [19], [20];. for_ the latter ones the dlffereljce between For pulsed signals with a low duty cycle DT (let us say,
them IS th_e termination of the stu_b resonators (e|ther_<_)pen-DT < 2%), the effective or average power applied to the
shor-circuited). The power handlmg capab|I|_ty ;tudy 1SNgo microstrip filter (P, ov=F; - DT, where P, is the carrier
to be focused on thgsg third order filters, while it can belyeaslnlout signal pOWE}t)’ is considerably reduced with respect
exfl'ehn:e%vt\?erowaerr]dsllirr?llacratogk?ill(i?[glifﬂd is addressed in t to the carrier input signal power (by a factor higher than
differenFt) ways deper?dingpon t%e kin)c/i of the input signal, ’ foIIoang the p.revi.ous. range of DT)' Since the heat

’ roduced in the device is directly proportional to the effex

e!ther contmupus wave CW or pulsgd, V.Vh'Ch will I.ead ¢ nput power, low DT values will lead to consider the self-
different physical phenomena occurring in the device. Frﬁr

CW input sianals. th limitat led eating in the device to be practically negligible. Undds th
handlﬁr?; csalggt?ilft,y (:Ppl—?(v:v)erislrgtlaglnlgg,bi/atr?erri\g-errr?gshzﬁ\iﬁ%cenario’ and taking into account that the dielectric sabest
effects which can happen in the structure due to the se ommonly used in microwave applications present very high

. . ) . its of dielectri k inly i i h
heating produced in the device. For pulsed signals, the powe fts of dielectric breakdown, mainly in comparison to the

limit, named in this case, peak power handling capability, o .
PPHC) will be probably produced by the air ionization. i.e Please note that for communication signals, such as OFDM, dfg in
( ) p y p y n1-=some intervals could be 10 dB higher (or even more) than theepdénked
due to a corona phenomenon. to a subcarrier signal [15].

Inverter S-1 Inverter 3-L Out

Inverter 1-2| Inverter 2-3

2022 202,33



air ionization limits, a corona discharge will probably itrthe Vi
power handling capability of the filter. In this regard, theer
ranges and environmental conditions where a big selffhgati  ©
and a corona discharge may co-exist will also be discussed a «
the end of this paper.

The corona phenomenon is directly linked to the air ioniza-
tion produced by a strong electric field. Thus, the maximum
electric fields in the air of the filters must be computed. For
this purpose, firstly the voltage and current of each reswnat
1 of the equivalent lumped element filter are obtained as

o= AL @)
. v —1
i = q:R [A],M @)

wherew, is the generator voltage. the normalized external
quality factor, R is the reference impedance apd] is the
normalized impedance/admittance matrix defining the filter
network [6]. Once the equivalent voltages/currents arerkno
the following step is to calculate the stored energy per res-
onator as

Fig. 2. \oltage and current standing waves at resonanceiffereht kind
of resonators. (a) Open-ended2 resonator. (b)\/4 resonator. (c) Dual-

4Pin —2 s !
[ ]11 (3) behaviour resonator type I. d) Dual-behaviour resonatpe ty.

"7 gBW

At resonance, the stored energy by every resonator of {fie_, .y in a bandpass filter can be analytically obtained as
equivalent lumped element network should be the same as that

associated to the distributed resonators forming the filtg}, P o

[21], [22]. Therefore, the kind of resonator used will play a Vieari =4 | —Fgw i Al 4
important role and, depending on its geometry, differevéle e ’

of PPHC could be reached. where FBW is the filter fractional bandwidth and is a

The energy stored by each distributed reson#itgy,;, can parameter which depends on the kind of resonator involved in
be computed from its voltage and current standing wavé filter topology. Table | shows the value Xfas a function
by integrating them along the resonator length, as in [23]f the characteristic impedances and electrical lengtfisidg
[24] (see Appendix A). The standing waves for each kinglach kind of resonator. According to (4), two microstrip BPF
of resonator, which have form of sinusoidal functions, amith identical synthesis filtering response may preserfi¢ift
found from its boundary conditions, and additionally, foet PPHC depending on the value &f This makes X a new
case of step impedance resonators, also from the contingigsign parameter which could be taken into account in
conditions in the step impedance planes. Indeed, the boyndée design procedure of a microstrip BPE X should be
conditions along with the continuity conditions give théf-se maximized in order to reduck,... leading to an increase of
resonance frequency of each kind of resonator. Fig. 2 shoRBHC of the filter.
the voltage and current standing waves for the different Table Il gives the design parameters of the three filtersunde
resonators involved in the filter topologies under studye (tkstudy of Fig. 1 along with the associat&dor each resonator.
case for the\/4 resonator is also shown due to its popularityfhe design specifications for all filters are: 0.01 dB ripple
although it has not been used in the filter topologies undéhebyshev response wilfy = 5 GHz and FBW= 5%. Since
study). As seen from this figure, the maximum voltdge,, all filters are designed to present the same electric filgerin
for each kind of resonator is happening at the open-circuésponse and the unloaded quality faaty for all involved
terminations, as expected. It should be noted that for tee caesonators is nearly equal, one can expect that the DBR type
of step impedance resonators (or dual-behaviour res@)atoll filter is going to present the highest PPHC due to its higher
two different V.. are found, each one in each section of, whereas the filter based on DBR type | the lowest. This
the resonator. The maximum value of them will be definewlill be confirmed next both in simulations and measurements.
by the characteristic impedance and electrical length ohea Fig. 3 shows the computed peak voltage in each resonator as
line section, i.eZy;, Zy2, 61 andé,, although normally,,..;  a function of frequency for a 3rd order Chebyshev-type BPF
will be placed at the termination of the line section present centered at 5 GHz and based d/2 coupled-line resonators.
a higher characteristic impedance. Thus, by knowing tfidhe maximumV,.,; is found for the resonator #1 and near
standing waves at resonance of each kind of resonators #imel cut-off frequencies, as expected. One parameter which i



TABLE |
X FUNCTION FOR EACH KIND OF RESONATOR

Kind of resonator X function
™
A2
20,i
™
/4
/ 270,
1 (% 1
For Vpeak: Z (91 i —51n261 1) + L (cosel z) <92 ; §b1n292 7)
DBR type | 01, 02,i \COSbU2;
cos s ; 1
ForVv’/ - (614 + =sin20 02 — sin 26
peak Zou <c05917> ( Lt QSm 12) Zo2.i ( Sm 22)
1 0
For Vpeak: 7 (91’7' — —sin 20, 1) + —— (bln 91 X ) <92 ; = 511’1292 7)
DBR type I 01, 02,i \COSbU2;

1 [cosfy;\?2 ( 1. 1 ( 1.
Forv’/ . ——22 ) (61— -sin20y; ) + 05 + — sin205 ;
peak’ 7014 (Sin91 i ) ) b Zoas \ 2" 2 >

For the DBR type | and I, the two functions of correspond to the two possible valuesgf.q, as Fig. 2 shows.

TABLE Il
40 DESIGN PARAMETERS OF THE THREE FILTERS UNDER STUDY
¥ —Res. #1
30t AN :_:_:Eg:- zg ] Filter topology Resonator Zo(1,2) and 0 2 X
< o ’ Coupled-line filter All res. 70, 0.045
< o
() )
%20 'I.’ H | DBR type | filter Res. #1 & #3| 68, 93 and 0.58, 0.43r | 0.030
= i Res. #2 55, 76 and 0.7, 0.33r | 0.040
> ".’ !'.' ) Res. #1 & #3| 46, 71 and 0.87, 0.59r | 0.054
10} i i DBR type Il filter
iy Res. #2 34, 74 and 0.67, 0.7.r | 0.062
’,' WL The extracted?,, values (from full-wave simulations) for all involved
0 - ~io! T resonators are in the range 90 to 110.
0 2 4 6 8 10
Frequency (GHz)

distributed just below the strip conductor, as shown in Big.

Fig. 3. Vyear per resonator for a 3rd order Chebyshev-type BPF centereghg first order approximation works reasonably well for not
at 5 GHz based on /2 coupled-line resonators. Other parameters: Unloaded PP y

quality factor of each resonat@p,, = 110, FBW=5% andP;,, = 1 W. very narrow strips. Under this assumption, the electriadfiel
strength can be computed in the dielectric as

important in order to pre-evaluate how a filter can be sefesiti | Epeat,i| = Vpe;;k - (6)
to a corona discharge is the voltage magnification factor VMF
VMF is defined asV,..x/Vo, Vo being the voltage for a
matched linely = v/P;, x 2Z,. So, VMF can be expressed
for a filter as ﬁ : Bair = ﬁ . Baliel — Eair,n = €p - Ediel,n (7a)

V x Ecn'r =V x ﬁdiel — Eair,tan = Ediel,tan (7b)

wherefh is the substrate thickness. In the interface between air
and dielectric, the following boundary conditions are flgfi:

VMF; =4

whereB is the electric flux density and the subscriptaind
tan denote normal and tangential components of electric field,

whereX; = X; - Zo. For the example of Fig. 3, the maxi- respectively. So, according to (7a) the normal electriafisl

mum voltage magnification is 3.8. This means that this filter agnlfled by a facto,. just in the comers of the microstrip
would have a PPHC around 14 times lower than that of . - .
matched line. For each device under study, two charaoterls!{ e. Thus, as a maximum limit, this means tha,cax. ;|

' computed in (6) should be multiplied ky in order to obtain

frequencies are to be analyzed. the frequency where VOItatHS maximum electric field strength in each resonator.

magnification is maximum and the center frequency. . For a high pressure regime (i.e., pressures higher than 100
The air ionization is a phenomenon linked to the electr

' ; \‘ﬁbar) the air ionization breakdown threshold (peak vata)
field strength rather than to the voltage. So, the maximugl, yatermined by following the rule [25]

electric field strength should be computed for each resonato
The electric field lines can be considered to be uniformly | Epreak| = 42.7+/p? + 2f2 (Vicm) (8)



TABLE IV
MAXIMUM INPUT POWER THRESHOLD(IN WATTS). DBR TYPE| FILTER.

£\ ¢~ Fringing fields
P T S o
& - _)--v———-u' S H Pressure (mbar Simulated (SPARK 3D)| Theoretically computed
Sy 5 GHz 5.2 GHz 5 GHz 5.2 GHz
L \ ' 600 73 67 69 44
Electric field lines
800 104 96 122 78
. ] ] o o 1013 145 127 195 125
Fig. 4. Cross-section of a microstrip line where the elecfiéld lines are
shown. Please note that the figure is for the case where the enaductor
has a voltage of-V'. If it were —V the electric field lines would have just TABLE V
the opposite direction. MAXIMUM INPUT POWER THRESHOLD(IN WATTS). DBR TYPEII FILTER.

Simulated (SPARK 3D)| Theoretically computed

TABLE Il Pressure (mbar
MAXIMUM INPUT POWER THRESHOLD(IN WATTS). COUPLED-LINE 5 GHz 5.2 GHz 5 GHz 5.2 GHz
FILTER. 600 281 68 182 67
: : 800 410 94 323 119
Pressure (mbar Simulated (SPARK 3D)| Theoretically computed 1013 590 142 519 191
5 GHz 52GHz | 5GHz  5.2GHz
600 140 76 92 66
800 201 110 163 116 because the maximum electric field strength found from EM
1013 268 147 262 187 simulations may just happen over distances of a few microns,

which is not enough to alter the electron density of the devic
Another source of error of the strategy just mentioned is thi
wherep is the pressure in torr anglis the operation frequency paragraph is the employed mesh in the simulations, which
in GHz. Therefore, at this point, by combining (4), (6), (7agould lead to some singularities in the computation of the
and (8), PPHC can be analytically computed for any kind efiectric fields.
filter based on the resonators previously discussed for high
pressures. For low pressure regime, the continuity equati : .
describing the electron density evolution must be solvéiis T 8. Average Powgr I-_|and|_|ng Cfalpabmty ) L
arduous task must be done numerically. In this work the FOr such applications in which the effective applied input
software tool SPARK3[ (Aurora Software and Testing SL,POWer 10 the circuit?;, . is higher than several hundreds
v. 2014) is employed. This tool uses the real electromagne®l Milliwatts, the self-heating in microwave planar desice
field distribution of the device under test (coming from d fulf@n be noticeable and limit the PHC. For the study of the
wave simulator) in order to solve the continuity equatiang a APHC, @ multiphysics approach must be tackled, where the
provides the power breakdown threshold of the device frofiectro-thermo-mechanical coupling in the circuits urstady
some input parameters such as pressure, kind of gas (aifSo@n@lyzed. In any passive microstrip circuit, there appea
nitrogen) and temperature. three loss mechanisms: ohmlic, dlelectr!c and radlatlogdss
As an example of validation of the developed model, fo he two former loss mechanisms are linearly proportional to

the implemented 3rd order coupled-line filter of Fig. 1(61{11e input power and generate heat in the circuit, i.e., tfrey a

the analytically computed maximum power threshold fo e internal heat sources in the struc?ure_, whert_aas ther latt

p = 800 mbar andf — 5.2 GHz (frequency where VMF does not gene_rate any heat in the circuit and is, therefore,
is maximum) has been of 116 W whereas the computgggleCted In this elgctrq-thermgl st.udy. .

one with SPARK3D has been of 110 W. In general, for the The heat generation in the circuit can be even more impor-

three implemented filters of Fig. 1, the difference betweéﬁm as the operation frequency increases and the cir@atiar

the analytically computed maximum power thresholds and tﬁ%itl;rig’ which is actually the general irend in commurdcat

computed ones with SPARK3D in the pressure range [606\{ .

1013] mbar has been always lower than 35% for the t tTO corr(;putettr(;e maxmurg temp_er_?turf[a utﬂdfr cw ofdth.e
characteristic frequencies, i.e., 5.2 (or 4.8) GHz and 5 ,G)ggjrs. urf'l I?r sg yﬁ a prouﬁ ulre .Sm(;' ?r c;'lt a plioposeb n
with an average difference between simulated and anallytic ] is followed, here particularized for filters. can be

computed values of 19% (see Tables IlI-V). It means a%lmmarlzed in the f_OHOW'_ng steps:
average difference lower than 1 dB. 1) Compute the insertion loss and the return loss of the

filter at the frequency of interest, in order to compute the
heat generated in the whole circuit. The heat generated
per wattl’ is, therefore, calculated as

It is worth mentioning that if the maximum electric field
strength of the device under test DUT is simply taken from
an electromagnetic tool (note that a normalization could be
needed depending on the software) and then, the rule (8) I =Tiotal — Prag =
is applied —which is, indeed, a common strategy used in ; ;
industry—, a very conservative value for PPHC will be prob- L= 1/1L (inean) — 1/RL (linear) = Proa, - (9)
ably found (around one order of magnitude lower than those  wherel';,,; refers to the total loss factor in the device
analytically predicted here or found with SPARK3D). This is (accounting for all loss mechanisms), IL and RL denote



2)

3)

4)

5)

insertion loss and return loss of the whole circuit,

respectively, and’,.4 denotes the radiation loss factor.

Apply the thermal boundary conditions to the circuit in Tpe
order to compute its average temperature or reference o3t T e Res. #3
temperaturel’..;. The thermal boundary conditions to
be considered are convection and infrared radiation.
There are several ways to model them as a function of
the kind of metal housing and environmental conditions,
as well as if there is a heat sink attached, as detailed
in [14]. Basically, the parameters.,,, and h,qq (in
W/m?) are used to model how the heat is delivered from 0
the circuit surfaces (including the metal ground) to the
ambient from convection and infrared radiation.

Find the power loss for each resonator. It is computeét. 5. Power loss per resonator for a 3rd order Chebyshew-BPF centered

; ; ; it 5 GHz based on/2 coupled-line resonators. Other parameters: Unloaded
from th.e equwalent Iumped el_ement circuit whose b%uality factor of each resonat@p, = 110, FBW=5% andP;,, = 1 W.
havior is modeled by the matripd] as:

4 Pin.a’u —
m [A]UQ : (10)

Identify the resonator presenting the highest level of  the circuit. For the second part of (12) it is assumed that
losses. For this resonator, the gradient of temperature the thermal bOUndary conditions have a linear behaviour

per watt between the strip with respect®a.;, AT, is with the temperature.
calculated as

0.4

Power loss
o
N

o©
=

0 2 4 6 8 10
Frequency (GHz)

ljloss,i =

s g The same example of Fig. 3 is again used in this subsection.
ATZ' — ATc,i 4 ATd,i _ h (ﬂac,l(f) nad,z(f>> p g g

K\ W.(f) + 2We(f) The power loss function follows the same shape as that for
(11) the voltage magnification, as expected and seen in Fig. 5.

where AT, and AT, are the temperature gradients genResonator #1 is limiting the APHC, representing the 50% of
erated in the microstrip resonatodue to conductor and all losses of the filter around the cut-off frequencies. Ad¢ th
dielectric losses, respectivell is the substrate thermalcenter frequency, resonator #2 is in this case which limits
conductivity, @ and @y are the average frequencythe APHC. Fig. 6 shows the simulated (by using ANSYS
dependent conductor and dielectric power attenuatidfultiphysics) top layer thermal profile of th&/2 coupled-
constants (in Np/m) for each resonator (computed &ge filter for P, ., = 2 W and at 5 GHz. As seen, at this
the power loss per resonator divided by the resonatisequency resonator #2 is the hottest element and constygjuen
length) andi?’, is the thermal effective microstrip width it will define the APHC. The maximum simulated gradient of
based on a parallel-plate waveguide model [1], [12]lemperature per watt is 120, as can be deduced from the fig-
The two additional adimensional parametersand n  ure. Following the theoretical approach previously ddwsauj
(u,m 3 10,2]) account for the variation of the powerAT is found in resonator #2 a87 = 7.1°C (W, = 1.73 mm,
loss with the position in microstrip lines different froma; = 2.09 Np/m, az = 5.92 Np/m), which gives a maximum
matched lines, wherg = n = 1. For example, at the gradient forP;, ., = 2 W of 14.2C, which is a very closed
resonator’'s open circuit, dielectric losses are maximuwalue to that simulated. If the maximum operation tempeeatu
and conductor losses minimum, which leadsute= 0  of the filter is set t0l},q4,0per = 100°C, the APHC at center
andn = 2, whereas in the resonator’s short circuit, th&requency is found to be 5 W. The same procedure has been
opposite happens leading 10 = 2 andn = 0 (see repeated for the remaining filters and at the two charati®ris
Appendix B). frequencies, center frequency CF (5 GHz), and the frequency
OnceAT,,q. is known, the APHC can be computed asvhere losses are maximum MLF (4.8 and/or 5.2 GHz). Tables

VI-VIII show the summary of the simulated and theoretically

computed results, foP;, ., = 2 W andhcon, = 9 W/m?-°C.

A relatively good agreement can be observed between the
(12) simulated and computed values. It is also clearly observed
Tnaz(Pin.av) = To how the APHC is being limited at MLF, as expected. If the
where T),q2(Pinqv) 1S the maximum temperature ofcomparison is made among the three kinds of filters, it has
the circuit for a particular?;, ., 7o is the ambient been found that there are not important differences reggrdi
temperature (usuallyffy = 22°C), and Ty,az.0per iS  their APHC, although the DBR type Il filter is the one which
the maximum temperature of operation, which can h@esents a higher APHC. This is due to the fact that DBRs
defined as that temperature where the circuit changgge Il present a longer length, which reduces the power loss
its electrical and mechanical performances (in genergler unit of length, and consequentl". Another additional
the substrate glass transition temperature) or that tereason is the use of via holes in this topology, which can act
perature which produces an excessive thermal stressag heat dissipators.

P _ Tmam,oper - Tref (Pma:n>
e AT’rnaw
T’rnaw,ope'r - TO

:Pin,a’u X



TABLE VII
SUMMARIZE OF THE ELECTRO-THERMAL ANALYSIS. DBR TYPE FILTER.
Pin,(w =2 W, hconv =9 W/M2'OC, Tmam,oper =100 °C.

Simulated (ANSYS Mult.)| Theoretically computed
CF MLF CF MLF
ATmaz (°CIW) | 8.0 135 8.6 13.8
Tres (°C) 40 44 41 47
Trmaz (°C) 56 71 58 74
APHC (W) 4.6 3.2 4.3 3.0
TABLE ViIII

Fig. 6. Simulated th | file (top | ) of the'2 led-i filt SUMMARIZE OF THE ELECTRO-THERMAL ANALYSIS. DBR TYPEII
1. 6. Simulate ermal profile (top layer) o coupled-line Tilter. FILTER. P: =2W, h =9 W/M2.°C, T, ‘ — 100 °C.
P’Ln,av =2W, f =5 GHz, hconv,top = hconv,botton =9 W/m? and e o masoper
K = 0.35 W/(m-°C).

Simulated (ANSYS Mult.)| Theoretically computed
TABLE VI CF MLF CF MLF
SUMMARIZE OF THE ELECTRO- THERMAL ANALYSIS . COUPLED-LINE ATmaz (°CIW) | 4 115 7.0 10.5
FILTER. Pin,av =2 W, hconv =9 W/M2'OC, Tmux,oper =100 °C. Tref (OC) 38 40 41 47
Tmaz (°C) 46 63 55 68
Simulated (ANSYS Mult.)| Theoretically computed APHC (W) 6.5 3.8 4.7 3.4
CF MLF CF MLF
ATmaz (°CIW) | 7.0 12.4 7.1 10.1
Trey (°C) 39 48 41 47 a pulsed signal with a width of 2Qis and a duty cycle
Tmaz (°C) 53 3 55 67 of 2% with a carrier frequency of 5.1 GHz. This frequency
APHC (W) | 5.0 3.0 47 3.4 corresponds to the measured center frequency of all filters.

These pulsed signal characteristics avoid any self-hgeatin
effect in the device, whereas the pulse width is wide enough
] ) ] to assume that the pulse breakdown threshold converges to
In order to validate and confirm the theoretical study rgpe c\W one. Moreover, a radioactive source (Strontium-90)
garding the power handling capability of microstrip filterspag peen used to generate an electron seed which facilitates
two measurement campaigns have been developed: onefr measurement detection. The three implemented filtees ha
the PPHC study and another for the APHC one. The thrggen measured at ambient temperaturé@32n a pressured
prototype filters of Fig. 1 have been implemented on sulestralynirolled chamber from 1 to 1013 mbar in order to get
Neltec 4380, whose characteristics are specified in Sedtioniqir respectives Paschen curves. The high-power measatem

The whole surface of the three circuits is set to be the samghed has been calibrated for input power levels in thgeran
(50 x 30 mn?) for a fair comparison with respect to ther _ 200 w.

APHC, since different whole surfaces would lead to différen ig. 8 shows the simulated and measured Paschen curves.

thermal boundary conditions. The s_imul_ated and measurefl, power level threshold are always higher at the center
S-parameter responSﬁs are plotted in Fig. 7,hwhere ? g?%uency for the three implemented filters, as expected. Th
agreement between them can be observed. The insertion Iggg e | filter shows the lowest power thresholds whereas
has been lower than 2.8 dB for all filters at the measured cenfe. pDBR type Il filter the highest ones, as seen in Fig. 9.
frequency, which has been 5.1 GHz. The filters based on DB%ﬁese results confirm the conclusions previously reached in

present a higher selectivity due to the pair of ransmissi&),iion || The critical pressure (the pressure where PPHC
zeros placed at each side of the passband, generatedelyecis, , cheg jts minimum value) has been around 10 mbar for

by the dual-behaviour (one pole and t,WO tran;mission 28T devices, which is an expected value for such devices
per resonator) of the resonators forming the filter. /@ o 1ing at 5 GHz. For pressures lower than the critical one,
coupled-line filter presentsaclose—to—b_and transmiszeoo at -y, power threshold levels start increasing due to the lack
th_e upper band due to the cross—couplmg_be_tween the first %?dair particles, which avoids any corona discharge to be
third resonator, and a Iow_er band transmission zero gmr%roduced. For this pressure regime (approaching to vacuum
by the stub effect of the first resonator. conditions), multipactor breakdown (i.e., electron amate
phenomenon) may limit the PPHC, although microstrip seems
A. PPHC Measurement Campaign to be a technology highly resistant to multipactor disckarg
To validate the PPHC, a measurement campaign has b&egause it is an open structure which makes difficult the
carried out at the European High-Power RF Space Laborat@rgation of a well-defined trajectory of electrons [26].
(Valencia, Spain). Several methods have been used for th&he measured results shown in Fig. 8 have always given
corona discharge detection: third harmonic detectionljnqul higher power level values as compared to simulations. This
of the forward/reverse power at the operation frequency andn be due to different factors: the measured filters have pre
electron probe. The applied signal to the circuits has besanted a bit higher insertion loss levels than those simd)at

IIl. EXPERIMENTAL RESULTS
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A video camera was placed inside the pressure chamber in
order to record the corona sparks during the measurements.
Fig. 10 shows the capture at the time of a corona discharge
for the A/2 coupled-line filter. It can be seen how the corona
breakdown happens at Resonators #1 and #2 at their open-
ended terminations. For the DBR type | filter, at ambient
pressure (i.e., 1013 mbar) the pulsed signal was kept foesom
seconds when a corona discharge occurred with the purpose
of destroying the filter (this filter was chosen for this test
because it was the only one which afforded less than 200 W
at ambient pressure). The filter was not destroyed but one of
its resonators (resonator #1) started being seriously gatha
as Fig. 11 shows, where it can be appreciated the degradation
of copper and a slight peel-off from the substrate.

B. APHC Measurement Campaign

With respect to the APHC measument campaign, without
the need of using a pressure chamber and since the power
levels to be analyzed in these tests are much lower than those
for PPHC, a lesser complex measurement setup has been ar-
ranged with a power level range up to 3 W, which is more than
enough for the filters under study. An infrared camera model
SC7600BB from FLIR Systems has been used to measure the
thermal maps of the circuits. It has been placed 1-metereabov
the circuits. An infrared camera gives much more infornratio
than thermal probes (thermocoupled), and in addition, @sdo
not alter the electromagnetic field distribution of the degi
under test, i.e., it is a non-intrusive measured methodhis t
measurement setup, a CW signal has been applied to thetcircui
at the frequencies of interest. For all circuits under asialy
the thermal steady state behaviour has been reached after 5
minutes the signal generator is switched on. The circuits in
this measurement setup have been suspended 5 cm above
the table, and thus, all their layers have been subject to
natural convection. To compute the thermal map from the
infrared radiation a constant infrared emissivity of 0.8&sh
been considered in all the circuit surface, which matchds we
the emissivity of the substrate, but it overestimates tHat o
the metal, so, the temperature cannot be evaluated properly

microstrip filters. (a)\/2 coupled-line filter. (b) Filter based on DBRs typein the metal surfaces, as usually happens when working with
I. (c) Filter based on DBRs type |I.

infrared cameras. This is not a problem since the maximum
temperature can be just evaluated in the metal-to-diédectr
transition without loss of accuracy. The equivalent cotieec

which means that the resonatdps has been lower than thatcoefficient of the laboratory environment has been estithate
expected, leading to lower VMF values and consequently, by means of the measured and simulated cooling time curves
higher PPHC. On the other hand, the measurement test bedd®#s..,,, = 9 W/m?.°C. The temperature of the laboratory has
been calibrated by using N-type connectors, whereas thesfiltbeen 22C.

under test are connectorized by means of SMA connectorsFig. 12 shows the measured thermal maps of the three
The losses from the calibration planes up to the microstrimplemented filters forP;, ., = 2 W and at the frequen-
feeding lines (which are taken as a reference in simulatiordes where their losses have been maximum. For all cases,
has been estimated around 0.2 dB, consequently, the applesbnator #1 is limiting the APHC as previously deduced in
power levels to the circuits under test could have been @rouBection Il. In addition, from these measurements it can be
4.5% lower than those reported. In addition, the uncerfainalso concluded that dielectric losses are more importaart th

of the measured power levels for this test bed at the operatimnductor ones, since the hot spots are placed around the
frequency (5 GHz) has been estimated-id%. All these maximum of electric field strength. This result agrees well
effects give an accumulated uncertainty in the measuredtseswith the computeda; and @y if one takes as an example

of Fig. 8 of up to 8%.

the \/2 coupled-line filter, where it has been revealed that
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Fig. 8. Simulated and measured Paschen curves for the iraptenh third-
order filters. (a)\/2 coupled-line filter. (b) Filter based on DBRs type I.
(c) Filter based on DBRs type Il. The simulated curves at h@ 2.0 GHz
correspond to the frequencies where the voltage magnditasi maximum
and to the center frequencies of the simulated filter regmn®spectively,
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Fig. 9. Measured Paschen curves at 5.1 GHz for the three ingpited filters.

Electron.probe

,

Fig. 10. Capture at the time of a corona discharge forX}i2 coupled-line
filter. The electron probe is placed 5 cm above the filter ireotd avoid any
interference with the filter behavior.

results are in a reasonable good agreement and follow the
same trend than those theoretically computed and simylated
and previously addressed in Section 1I-B. As confirmed by
these measurements, these three kinds of filters providkasim
APHC performances, so, their differences regarding thegpow
handling are rather with respect to PPHC.

The values found for APHC and PPHC define the kind of
signals that these filters can afford in moderate-to-highigro
applications according to the signal's peak-to-averageepo
ratio. This is a characteristic parameter of communication
signals presenting multiple carriers which can be added in
phase in some intervals of time (e.g., OFDM). For instante, i
the filters under analysis the obtained APHC values are much
lower than those found for PPHC for pressures higher than 100
mbar, which may allow signals with a relatively high peak-to
average power ratio to work. However, for pressures below
50 mbar, both APHC and PPHC have presented values of
the same order of magnitude, consequently, either the lsigna

whereas the measured curve at 5.1 GHz corresponds to thamedasnter Peak-to-average power ratio should be close to 0 dB to avoid
frequency of the implemented filters. The theoretical cotegwalues are any issue, or the signal average power should be consigerabl

plotted for pressures higher than 600 mbar (where the piedicange is

more accurate).

reduced (to still keep the signal’'s peak power below PPHC).

IV. DISCUSSION

dielectric losses correspond to the 74% of the whole lossesBoth the theoretical PPHC and APHC analyses, along with
The APHC can be calculated according to (12) by knowing ttikeir respective physical limiting factors, corona breakd
measured maximum temperature for each filter for a particukend electro-thermal effects, have provided results whiehira
Py, 40 (in this case, 2 W). For this, it must be assumed that tkemoderate good agreement with those found in simulations
thermal boundary conditions have a linear behaviour with tkand in the two developed measurement campaigns. It should be
temperature. Table IX summarizes the measured resultseTheoted that in all theoretical computations the ideal bebravi



Fig. 11. Photograph by using a microscope of the damagersdffey the
resonator #1 when a corona discharge has occurred for the BRI filter.

Please note that resonator #1 is the limiting element at éiiec frequency
of this filter due to its lowx.

Tie=43°C

Tmax=85°C

(b)

Tref=40°C

Fig. 12. Measured thermal maps for the three implementeerdilat the
frequencies where losses have been maximum andPfpr,, = 2 W. (a)

/2 coupled-line filter. (b) Filter based on DBRs type I. (c) &ilbased on
DBRs type II.
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TABLE IX
CW MEASUREMENTS OF THE THREE IMPLEMENTED FILTERS

Filter topology [ freq. (GHz) | Tynax | Trey | APHC (W)

o 51 62 (55) | 40 41) | 3.9 (4.7)
Coupled-fine fier| 7 75 (67) | 43 (47) | 2.9 (3.4)
: 51 55 (58) | 40 (41) | 4.6 (4.3)

DBR type | filter 5.27 85 (74) | 42 (47) | 2.6 (3.0)
DER type 1 fiter 5.1 50 (55) | 40 (41) | 54 (4.7)
5.24 67 (68) | 40 (47) | 3.5 (3.4)

The maximum temperature of operation for computing APHC theen
assumed to be 10C.

Between brackets, the temperatures theoretically cordpgat&ection 11-B
at CF and MLF.

desired for the theoretical computations, one way to aehiev
it may be by extracting the matrix [A] of the implemented
filter from full-wave simulations, and using this extracted
matrix in all computations. In fact, in most of technologies
and especially, in microstrip technology, after impleniemt
the filter layout, the theoretical (and ideal) filter respoiis
terms of ideal location of poles and zeros) is usually lost,
due to frequency dispersion, discontinuities, harmonigispis
bands and/or the inclusion of additional performances & th
filter response, such as TZs generation. This may modify the
voltage distributions along the resonators, as well as thneep
dissipated by them, conditioning, to a greater or lessezrext
the theoretical predictions.

As said in the beginning of the paper, the theoretical
predictions developed along the paper are focused on narrow
to-moderate bandwidth filters (up to 20%). This is mainly
because of the way parameter is computed (taking into
account the current and voltage distributions of isolatest r
onators) and the assumption that the coupling coefficients
(which define the matrix [A]) are frequency-invariant along
the filter bandwidth. The former could be addressed since the
exact form of voltage and current distributions can be also
computed for wider bandwidths (and therefore, wider cou-
plings) [27]. The latter, however, effectively puts a liatibn
in the developed theoretical models. Anyway, microstrieifd
with bandwidths higher than 20%, a priori, do not represent
an issue regarding PPHC, since the voltage magnification per
resonator is considerably reduced in those situationsljriga
to an enhancement of PPHC, and putting the PPHC limitation
in other parts of the circuit board, for instance, in the ¢abx
to-microstrip transitions.

Specifying now for the electro-thermal analysis, linked to
the APHC study, even if the theoretically predicted results
have shown a reasonable good agreement with simulations and
measurements, elements like via holes and inverters by snean
of transmission lines (which can propagate heat flow and are

matrix [A] (impedance/admittance matrix) has been used fboth used in the DBR type Il filter) can put additional thermal
all filters, that in this case has been defined by the Chebyslo@nstraints not considered in the electro-thermal model. |
filter coefficients. This provides a very fast and easy computhose cases, the procedure described in Section 11-B cadbin
tion of the PPHC and APHC, as demonstrated along the papeith a thermal transmission line model [13], [28] can be
which may be useful for a practitioner engineer, knowinglwehd good compromise in terms of accuracy and computation
that there may still have some differences with respect tost between the theoretical model here described and a
the fabricated device results. If a higher accuracy welle stinultiphysics simulation.
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where g is the propagation constant, whereas in the second
line section {; < z <y +1s)

Va(2) = Viyear cos(B(z — 1 — I2)) (14a)
I(2) = j 2L sin(B(z — Iy — 1)) (14b)
0 Vpeak 1 |1|+|2 Zo2

T T z

At z = i, there must be voltage and current continuity

resonance. / - .
Vpear @nd V., as well as the resonance condition of this
resonator, which is

V. CONCLUSION Zo2

7= — tan(6q) tan(—6s) (15)

The average and peak power handling capability of mi- ot
crostrip filters have been addressed in this paper. Clased-f Now, the stored energy by this resonator at resonance can be
expressions have been computed to predict both the PPEnputed as [23], [24]
and APHC as a function of the geometrical parameters of the
microstrip filter resonators. This investigation has beeused  Wyisir = Waistr,et + Waistr.mag = 2Waistr,el
on three filtering topologies very well known in the literegu 1 /b 1 fute
even though some guidelines have been also provided te 2 1/ Cy|V12dz + 1/ Ca|Va|?dz
extrapolate the developed theoretical model to other ifilger 0 h
structures. Three bandpass filters have been designed and V}fmk 1 . V;ffak 1.
implemented at 5 GHz for verification purposes. The PPHC 7, 7. (91 —5sm 291> ‘7 (92 + = sin 292)

w0401 w0202

and APHC of these filters have been validated by means of two (16)
measurement campaigns which have been carried out, where
Paschen curves and thermal maps have been obtained for §@¢bre ¢, and C, are the capacitances per unit length of
filter. The measured results have corroborated the concisisiggch section, andVysr.cr and Wiarmag are the electric
obtained along the paper. One of the implemented filters hasq magnetic stored energies which are equal to each other at
afforded more than 200 W of peak power at ambient pressufgsonance. OncH’y;.., is computed, by making (3) equal to
whereas all filters have presented a similar APHC of aroundq%ﬁ), and after some straightforward algebraical mantjnia
5 W at the center frequency. According to this research stuglyis obtainedVj.qr.; (eq. (4)) as a function of: the filtering
it is possible to take into account in the filter design step thesponse, the applied powe,, and the geometrical charac-

power handling capability in order for it to be maximized, agyristics of the resonatoi by means of the here defined
well as the kind of signal that the filter can afford regardingarameter.

the signal’'s peak-to-average power ratio.

APPENDIXB
APPENDIXA COMPUTATION OF THE AVERAGE POWER ATTENUATION
COMPUTATION OF X CONSTANT

In this appendix, thex function, which characterizes the In this appendix, the computation of the average dielectric
voltage magnification, and consequently, the PPHC of a réd1d conductor power attenuation constants for a transmnissi
onator as a function of its geometrical parameters, is Cqmpuline resonator is addressed. It is again, taken as an example
for the DBR type II. This procedure can be easily extrapalatéh® DBR type II.
to other kinds of transmission line resonators. The dielectric power loss distribution along the resonator

The first step is to obtain the voltage and current standif@f!ows the pattern of the voltage distribution, and canréne
waves at resonance, with the purpose of computing later igge be written as
stored energy by the resonator as a function its geometrical oy
parameters. Fig. 13 shows the DBR type II, where all its Py1= Asin®(fz) 0<z<h (179)
transmission line parameters have been previously defimed i Pio= Bcos?(B(z — 11 —12)) 11 <2<l +1y (17b)
Section Il. In the first line section0(< z < [;), the voltage
and current distributions can be expressed from the boyndahere A and B are the maximum dielectric power loss per

conditions as unit length in each section, and are related to each other as
A = (cosfy/sinf;)? x B, where it is assumed power loss
Vi(2) = § Vieak sin(52) (13a) continuity atz = [;. So, the dielectric power loss per unit
Vyeak length varies in this resonator between 0 amax (A, B), that

Li(z) = Zor cos(Bz) (13b)  for the DBR type Il is normallyB.



The total dielectric power loss per resonai®ss q4,; can be
computed by integrating (17a) and (17b) along the two length

sections, obtaining

-Ploss,d,i -

B cosfs > 1 1 .
5 X <Sln912) <ll — %SIH291> -+ (lQ + %SIHQQQ)

(18)

Pioss,a.i 1S, inturn, computed from (10) (by usir@, q instead [13]
of @.). The term of (18) accompanying/2 can be treated

as a resonator length factor. According to this, the average
dielectric power attenuation constant can be expresseglysim[14]

asag,; = B/2, leading to

Qg5 =

)

Pld/[(n—g)2 (1= 2sin201) + (1o + 2 sin 292)} [16]

(19)

gradient of temperature (linked to dielectric losses) gltre
resonator, which is at = i1 + [».

In the same way, the average conductor power é@sscan
be computed as

Oei =

Ploss,c,i/ [(11 + ﬁ sin 291) T (%)2 (12 — ﬁ sin 292)} [21]

(20)

The conductor power loss per unit length along the resonatof!
length varies, consequently, between 0 &nd;, being max-

imum atz = 0.
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