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Abstract—This paper presents octave-tunable resonators and  Diaphragm Tuner Lumped Tuning Elements

filters with surface mounted lumped tuning elements. Detailed \ PE E)
theoretical analysis and modeling in terms of tuning range -

and unloaded quality factor (Q,) are presented in agreement =

with simulated and measured results. Based on the models, a / P
systematic design method to maximize tuning ratio and optimize Bicagap urface gap =
Q. of the resonator is suggested. A resonator tuning from ' ‘

0.5 GHz to 1.2 GHz with @, ranging from 84 to 206 is ! i
demonstrated using solid state varactors. A two-pole filter with @ ' (b)

tuning range of 0.5-1.1 GHz with a constant 3-dB fractional

bandwidth (FBW) of 4 4 0.1% and insertion loss of 1.67 dB Fig 1. (a) Vertical gap resonator and (b) surface ring gapnator. Both
at 1.1 GHz is demonstrated along with a three-pole filter with  have the same lumped equivalent circuit model.

tuning range of 0.58-1.22 GHz with a constant 3-dB FBW of

4 + 0.2% and insertion loss of 2.05 dB at 1.22 GHz. Measured f t tuni t It fi di
input third order inter-modulation are better than 17 dBm over ~ Suflacé mount tuning components as an alternalive medium

the frequency range for the two-pole filter. between low@),, planer structures and higR},, 3-D cavities.
o _ In [9], packaged RF-MEMS switches mounted on a substrate
Kgywqrds—combllng filter, combline resonator, evanescent-mode integrated waveguide (SIW) are used to ggf of 132-93
design, filter design, filters, full-wave simulation, measurement and at 1.6-1.2 GHz. However the tuning range is limited to a
modeling, modeling, tunable filters, tunable resonators, Wavegwde]c et \ : -
filters ew states. RF-MEMS capacitor banks mounted on a combline
resonator resulted i@y, of 1300-374 at 2.50-2.39 GHz with
a limited tuning ratio TR) of 1.05:1 [10], [11]. A surface
. INTRODUCTION ring gap combline resonator structure loaded with solidesta
ECENTLY, there has been a growing interest in tunablevaractors reports @, of 160—40 with limited tuning range of
RF/microwave filters. The driving parameters for these3.1-2.6 GHz [12], [13].
filters are low loss, wide tuning, low power consumption, Bma  The authors of the current paper demonstrated a continuous
size, fast tuning, high power handling, and ease of fabidpat octave tuning substrate-integrated combline resonatibr @
at a low cost. Various demonstrated tunable filters excel if 86-206 and tuning range of.5—-1.2 GHz using solid state
some parameters at the cost of sacrificing other parametengaractors andy, of up to 240 at 6.6 GHz using RF-MEMS
For example, planer microstrip filters with lumped tuningvaractors [14]. It is the intention of this paper to further
components are easy to fabricate, but the unloaded qualityestigate this surface ring gap combline cavity. Comgare
factor (Q.) suffers due to the low of the planer waveguides to previous works [12]-[14], this paper presents an in depth
[1]-[3]. To achieve highelQ,, than planer structures, highly theoretical analysis of the resonant frequeriEy, and Q..
loaded3-D evanescent-mode (EVA) resonators integrated witlEffects of the parasitic capacitance of the surface ringagap
various types of tuning technologies have shown promisingurface inductance are considered to show the compromise be
results [4]-[8]. For example, a tunable filter with pieza#tie  tween tuning ratioTR) and@,,. A design method is suggested
actuator showed unloaded quality fact@,) of 700-300 at  to maximizeT R and optimizeQ,. This method demonstrates
4.6-2.3 GHz [4]. Two EVA filters with RF-MEMS tuners, one tunable resonators and filters with high@y, and tuning range
with switched capacitor network and the other with siliconthan the state-of-the-art with similar technologies. A {pale
diaphragm, achieved), of 500-300 at 5.58—4.07 GHz [5] filter with tuning range of).5—1.1 GHz and measured insertion
and@, of 1000-300 at6—24 GHz respectively [8]. While these loss of1.67 dB at1.1 GHz is demonstrated. This two-pole filter
technologies attain higky,,, complexity arises in fabrication maintains a constamtdB fractional bandwidth (FBW) 01%.
due to the precise assembly needed to either align the tunepsthree-pole filter with tuning range @f.58—-1.22 GHz with a
with the EVA cavity’s vertical gap (typically intm) or insert  constant3-dB FBW of 4 + 0.2% and measured insertion loss

the RF-MEMS switching network inside the cavity. of 2.05 dB at1.22 GHz is also demonstrated.
To avoid complicated fabrication and yet maintain high
Qu, 3-D cavities are integrated with commercially available I[I. SURFACE RING GAPCOMBLINE RESONATOR
This paper is an expanded paper from the IEEE Int. Microwara®sium Figs. 1(a) and (b) schematically compares the cross-gectio

held on June 2-7, 2013 in Seattle, WA. of the typical vertical gap resonator with the cross sectibn



inductance of the cavity and capacitanCg, in series with
resistancd?;,, models a varactor. The packaging and assembly,
depending on the type of varactor (solid state, RF-MEMS,
ect.), can introduce other parasitics. To keep the modedrgen
package parasitics are excluded and the varactor is assumed
to operate well below its self resonance so the impedance
resembles a series RC circuit. The conductors of the cavity,
such as the inner post, outer wall, and the top and bottonswall
have resistances dt,, R;, and R, respectively. A simplified
model for the resonator is shown in Fig. 2(c) whérg and
R, are the equivalent capacitance and equivalent resistdnce o
all varactors andR.. is the sum of all other resistors.

For an L-C resonator, the angular resonant frequendy
given asl/v/LC. Thus, from Fig. 2(c)(, and L, are needed
to find the resonant frequency of the resonator. The capaeta
C, is extracted from the equivalent impedance of the varactors
Z,, which is approximated as

1 1 1
Zy=—(Rip+—— ) =Ry + ——, 1
v N ( 1v+jw01v) v+jwcv ( )
Cq) = Nclva (2)
Fig. 2. (a) Cavity resonator with dimensions (b) cross seefidumped R, = Rl“’ (3)
model and (c) simplified LC resonator. N

where N is the number of varactors placed in parallel on

the proposed surface ring gap resonator. In the surface ring€ ring gap. Since the resonator resembles a shorted toaxia
gap design, the center post is extended to short the bottdm affansmission line,L, is extracted from the input impedance
top of the cavity and a ring gap is created on the surface t6Zi») of a shorted transmission line

isolate the center post from the rest of the cavity’s ceiling o

tune the resonant frequency, tuning elements are placedsacr Zin = jZo tan(Sh), ()
the gap to vary the capacitance instead of having to changghere
the physical gap. The figures show that the surface ring gap — 377 In(b/a) (5)
resonator still has the same lumped equivalent circuit tode ’ 2\ /e '

asFthe ilebrncal ga[t))l reson:;tort. '(Ij'he su.rf?f[;e rng gap r?;gnat%herezo is the characteristic impedance of the coaxial trans-

in Fig. 1( )lrese]zcm ?js a shorte b|<_:oaX|a rar:smlssmn @ mission line,e, is the dielectric constant of the material inside

IS commonly referred as a combline resonator. _the cavity, and3 is the phase constant. The above equations
This design has several advantages compared to the Vert'czi'ésume very low cavity losses, which is typically the case fo

gap. First, the structure is not limited to a particular ni e gimensions considered in this work. It has been showin tha
technology but allows for various types of tuning COMPOBENt hoqr resonance, the reactanceZgf is inductive [15] and the
such as RF-MEMS or solid state varactors. Second, Precisga ctive inducta{nce is approximated as

assembly is not needed since the tuning components are
surface mounted. This makes high-volume-manufacturirgg po Z (whﬁ)
)
C

(6)

sible and the resonant frequency and tuning range independe Ly = w tan

of fabrication and assembly tolerance. Third, this strectu . . .
is easily implemented on a low cost PCB, which can pewhere ¢ is speed of light. Assuming low losses, resonant
integrated with other RF components. However, as shown lateff€duencyw can be solved numerically in

this type of tuning may not yield), in the order of1, 000. 1

Consequently, it is appropriate for applications that n€gd = \/ﬁ 7)
in the order of100-600 without the added complexity of v
vertically-aligned tuners. Eqgn. (6) shows thaf., depends onv, but the change i€,
is small (up to3% for the cavity parameters and frequency
I1l. THEORETICAL ANALYSIS AND DESIGN range considered in this paper). Thus, neglecting the tiamia

A Resonant Frequenc in L,, the change inv or tuning ratioT'R, is determined by
- & y ) _ ) the tuning factorF, = Ciy_ini/Clo_final, Of the varactor
Fig. 2(a) shows the dimensions of the resonator wiicie 1

the height of the cavity; is the radius of the inner post, ahis TR ~ - \/F,. (8)

the radius of the outer conductor. In Fig. 2(b), the resaniato Clo_final
approximated with lumped elements wheig is the effective Clo_ing
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Fig. 3. Simulated and theoretical resonant frequency vefsys for the

resonator. The difference between theory and simulation tu®%) is
addressed in Fig. 10.

Ansys HFSS [16] is used to compare Eqgn. (7) with full-wave

simulations with the cavity parameters given in Table I. The

surface gap radius and surface gap widthy is explained in
section IlI-C. In Fig. 3, resonant frequencies from Eqn.gijl
HFSS simulations are plotted versa@s,. Resonant frequen-
cies from theory is betweeB—9% higher primarily because

Eqn. (7) does not include the effects of the gap capacitance

and surface inductance (discussed later in section IllI-€ an

section IlI-D).
TABLE I. CAVITY DIMENSIONS USED IN HFSS SIMULATION
cavity parameter value
h 5 mm
b 12 mm
a 0.512 mm
w 0.3 mm
T 3 mm
N 8
Cio 0.63-2.67 pF
R1, 0.8 Q

1
copperQ.5 mm)

€r
conductor

B. Quality Factor

The resonator’s),, is dependent on the quality factor of the
varactors),, and the quality factor of the cavity.. SinceR,,
is the resistance of the varactors, the series combinafidd, o
andC, (see Fig. 2(c)) gives
imag{Z,} 1 ©)
real{Z,} wCL R,
Substituting Eqgn. (7) into Egn. (9) and neglecting the \taota
in L, gives@, ratio (QR = Qu_finat/Quv_ini) @S

1
=VF.

/ Cl'u_final
Clv_ini

QU:

QR ~ (10)
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Fig. 4. Theoretical), versus frequency for three fixed capacitances. As the
capacitance is tuned), increases with frequency.
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Fig. 5. Simulated and theoretic@l,, versus frequency for the resonator. The

conductors of the cavity are simulated as perfect conduttoextractQ, .

frequency will increase. Fig. 4 showg, versus frequency as

C1, is tuned fromR.67 pF t00.63 pF: @, increases from24 at

0.6 GHz t0 248 at1.2 GHz. In Fig. 5, Egn. (9) is compared to

results from HFSS simulations. To extra&gt from simulation,

the conductors (post and walls of the cavity) are simulated a

perfect conductors so thét, is approximately@),,. The reason

for higher @, in simulation is investigated in section IlI-C.
SinceR, is the resistance of the cavity conductors, the series

combination ofR. with L, (see Fig. 2(c)) gives

wlLy,
R.’

which is essentially the quality factor of the cavity withs#n
less varactors. The sum &f,, R;, andR,, in Fig. 2(b) is R,.

From [17],

in which R; is the surface resistance. Surface current density
on the top and bottom of the cavity varies radially from the

RaJer:&
2

h

a

h

5 (12)

In Fig. 4,Q, versus frequency for three different capacitancesouter conductor to the inner post. Thus integrating in thiéata

are plotted. For a fixed capacitancg, decreases as frequency

increases. However, as the varactor is tuned to a lower capac

tance, largett;, Egn. (10) and Eqgn. (8) show that bath, and

direction gives

%M(b/a).

Ry (13)
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Fig. 6. Simulated and theoretic@l. versus frequency for the resonator. In Fig. 7. Theoritical cavityQ. with respect tob/a. Optimal Q.. is achieved
order to extract). from HFSS, the resistance of the varactors are set to zeroat b/a ~ 3.6.

Summing Egns. (12) and (13) givés., 250 | —— Qv Theory T

R.=Ry+ Ry +2Ry, = — [ -+ — +2In(b/a) | (14) | —o—Theory
2r \a b 200
Substitution Eqns. (6) and (14) into Eqn. (11) gives S
hy/€r -
377 tan (W) In(b/a) 150
&

(15) 125 [

Qc: h h
Rs\/er o + 7 +21In(b/a)
06 07 08 09 10 11 12

HFSS is used to compare Eqn. (15) with simulation with Frequency (GHz)

cavity parameters from Table I. In order to gét only,

Ry, in simulation is set to zero and', is varied from Fig. 8. Simulated and theoreticed, versus frequency for the resonator.
2.67 pF to 0.63 pF. Fig. 6 shows a plot of theoreticd).  BecauseQ. is much larger tha@., Qv ~ Qu.

from Eqgn. (15) compared to simulatég.. The simulated?.

is about3—4% lower than the theoretical one. Fig. 6 also @, is initially limited by @, at lower frequencies (larger,,)
shows that radiation from the ring gap has negligible efigct but starts to excee@,, at higher frequencies (smallék,). The
comparing simulation results from a resonator with a simeld limitations of @, ~ @, is analyzed in more details in the next
cap covering the top. Note that the ring gap widths about  section.

100—200 times smaller than the wavelength range considered

in simulation. Part of th8—4% loss in simulation comes from C. Surface ring gap capacitance

the resistance associated with the ring gap which is coreside |, Fig. 3, the theoretical resonant frequency based on

in section lI-C and Fig. 12. the lum PR :
. . - ped model in Fig. 2(c) was up % higher than
The Q. of a coaxial resonator is optimized when th&r 1o gimulated results. Part of this difference is due to the
ratio Is 3.6 [18]. T.h's optimum ratio is again ver|f|eq bY surface ring gap capacitancg,. As shown in Fig. 9(a), this
plotting Eqn. (15) in Fig. 7. The outer radius and height Ofcapacitance is dependent on the ring radiugap widthw,

\?vrﬁ%pz/er ?Sir \f:?r\i/‘iatg ?r;emﬁf(etg %ztlfQOITr?ix?aréd?rezuirw:irgs depth of the gapl and the dielectric constaat. SinceC, is
a iy *in parallel withC,,, w from Eqgn. (7) is modified a
0.1 GHz, 0.5 GHz, 1 GHz, and2 GHz. The optimized/a np with Co, w an- (7) is . S
ratio is evident at all frequencies. _ 1 (17)

Using Egns. (9) and (15) and the series L-C resonator model . (Cy+ C,)L’

in Fig. 2(c), Q,, of the resonator is approximated as where L is given by Eqn. (23). The value of!, can be
1 1 16 extracted from simulated at two differentC, values (1
@ - @ + @ (16) and C,,) for a fixed cavity structure from

The resonator's),, is simulated in HFSS with cavity parame- Wy (Coa + C,)
ters from Table I. Fig. 8 shows that simulation results argda - ma
than theory becaus€, was larger in simulation previously 2 vt °
(Fig. 5). In this case(). is much larger thar@), due to the wherew; is the resonant frequency far',; and w, is the

relatively largeRR;,, (Fig. 6 and Fig. 5), s@), ~ Q,. In Fig. 8,  resonant frequency fat',,. C, is extracted for simulated data

(18)
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Fig. 9. Parasitic capacitancg, exists in parallel with the tuning components Fig. 11.  (&)Theoretical)., (solid lines), simulated?., (dashed lines), and
(varactors). (a)C, is dependent on the radius of the ringwidth of the gap  theoretical maximun®., (dotted line) versus frequency &% is changed. (b)
w, depth of the gapl and the dielectric constant.. (b) There is resistance ExtractedC, from simulation versus ring radius.

R, due to the wall plates (dark color region) around the surfaug gap.

3.0 — 7T T T 71— complished at the cost of reduced tuning range. The equivale
I —o—Theory ] impedance /., in parallel with Z,, is given by
25 —a—HFSS T 1 1 1
I 1 —— =5 * ’ (19)
T20} - Zeq  ZLv o
[}
> where 1
S15F 7 Zeo =Ry + —— (20)
g 1 jwC,
10 i i and R, is the resistance associated with shown in Fig 9(b)
05 L | and is initially neglectedR, =~ 0). Then@ of this impedance
' 1 I 1 I 1 1 1 1 1 1 1 1 becomes .
06 07 08 09 10 11 12 Qun = imag{Zeq} (21)
Frequency (GHz) ed real{Z.,} |’
Fig. 10. Simulated and theoretical resonant frequency sersaractor and @ from Eqn. (16) is modified as
capacitance when the effects 6%, is included. The difference in frequency 1 1 1
is reduced to withinl %. (22)

Qu Q0 Qu

from Fig. 3 to beC, ~ 0.8 pF. Compared to Fig. 3, when Note that ifC, is small and negligible, then Eqgn. (22) reduces

C, = 0.8 pF is included in Egn. (17), Fig. 10 shows the to Egn. (16). Fig. 11(a) plots Egn. (22) and HFSS simulation

difference in resonant frequency is withif of simulation.  results showing the effect a@f, on @, and tuning rangeC',

The extraction of”, here assumes thdtis constant ag’, or is tuned from2.67 pF to 0.63 pF. As C, becomes larger,

w varies. The variation in. (Egn. 23) and how to minimize tuning range decreases afy, increases. Also plotted in the

the variation is considered in section IlI-D. figure isQ, at C, = 0.63 pF (maximum@,). When C, is
Since C,, is in parallel with C,, the total electromagnetic larger, maximun@), for each curve is not limited by maximum

energy will be distributed betweefi, and C,. Previously, if theoretical@, (dotted line) and far exceed3,. But asC,

the conductors were lossless thep ~ Q.. However, ifC, is decreases, maximu@, for each curve approaches maximum

large enough, then a significant portion of the electromagne Q..

energy will be stored irC,. Since the@ of C, is expected In the case of ideal varactor&( = 0) or whenC, > C,,

to be higher tharQ,, (resistance associated witti, is small  such as when no varactors are mounted in a static surface ring

compared taRy,), @, should exceed),. This is however ac- gap resonator [19]Q)., = Q. if R, = 0. Fig. 9(b) shows
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Fig. 12. Q. is higher when the ring gap resistance is simulated with PECFig. 13.  Effects of R, is negligible onQ, for the cavity parameters
(R, = 0) compared to when ring gap resistance is simulated with coppeiconsidered in Table | sinck, > R,, R.. Additionally, theory and simulation
(Ro # 0). Simulation@. with R, = 0 is within 1% of theoretical@. and Q.. are within 1% since the effects of’, is included andQ., is limited by
simulation@. with R, # 0 is within 3—4% of theoreticalQ.. Qeq. Qeq reduces taR), if Cp = 0.

that R, depends on the two thin layers of metal wall (dark
regions labeled as ring gap resistance in figure) that border
the surface ring gap. These two thin walls are simulated in
HFSS as a perfect conductors (PEC) B = 0 while the
rest of the cavity surface is still copper arti, = 0 with
parameters from Table I. Fig. 12 compar@s of this PEC
walls simulation with the previous case in Fig. 6 when all
of the cavity surface was copper (no PEC B # 0). As
expected, Fig. 12 shows thét. with R, = 0 is higher than

+gr:1 -
—Oo—¢&p=9

=2 —— =10
Qo

Q. with R, # 0. Before, in Fig. 6,Q. was 3—4% lower than . . . . I\o\l-
theoretical Q. (Egn. 15), but withR, = 0, simulation@.. is 08— 0~ 0.8 0.9 10 11 12
within 1% of theoretical@... Frequency (GHz)

In Fig. 13, resistance of the varactofg, = 0.8 Q is
included in HFSS simulation to compatg, when R, = 0
and R, # 0. Since R, dominates bothR. and R,, Fig. 13
shows that effects of?, is negligible for the parameters in
Table I. Thus the previous assumption Bf ~ 0 made in
Fig. 11 is valid. Also, compared previously to Fig. 8, theory
and simulation are in better agreement, with#, now that
the effects ofC, are included in theory. Moreover, this figure
shows that(),, is limited by Q.,, which reduces ta@), only

Fig. 14. Plot of frequency versus capacitance at variougdaigc constants.
As the dielectric constant increas&s, increases and reduc&sR.

L,. This current flow depends on the ratio 8f and Z,, and

on N. If current flow is concentricL, will be minimal. The
arrangement of the varactors can alter the current patls, thu
changingL,.

(a) Consider the case df, > Z.,. WhenN is large and the

if C, is negligible.

In Fig. 11(a), the ring radius was changed to vary.
Fig. 11(b) shows that, is strongly dependent om. C,
increases with increasing (increasing circumference) since
the surface area of the capacitance increases. Even though
C, has an air gap, the dielectric material of the cavity will
partly change&’, due to fringing electromagnetic fields. Fig. 14
confirms this by showing the effects of variogson resonant
frequency and’R. The results in the figure are based on HFSS
simulation with cavity parameters from Table | &g, ranges
from 2.67 pF to 0.63 pF. Simulation shows thaf'R = 1.93
whene, = 1 and TR = 1.72 whene¢, = 10, a reduction
of about11% in TR. Based on Eqn. (18);, ~ 0.8 pF for
e =1,C, = 1.75 pF fore, = 5, andC, =~ 3 pF fore, = 10.

D. Surface inductance

varactors are spatially distributed, current flows equally
in all directions through the varactors and current flow
is concentric. Fig. 15(a) illustrates this withy 8.
Fig. 15(b) shows current flow wheN is small. Current is
forced to flow throughV = 1 varactor resulting in a longer
current path. Thud,,, increases a®V decreases, which is
verified in Table II. In simulation, a$Vv is varied,C, is
also changed to kee@, constant for differentV values.

TABLE II. N VERSUSL,

N
1
2
4
8

The current that flows on the top surface from the inner(b) Consider the case d¢f., > Z,. Since most of the current

post to the outer cavity wall results in a surface inductance

is distributed in the surface ring gap, current flow is



As mentioned previously and shown in Eqn. (6),also varies
slightly with w. For e, = 1, the variation inL, is less than
0.4% and fore, = 10, the variation inL, is less than3.5%
over the frequency range with parameters from Table I.

E. Design Methodology

Based on the theoretical analysis, the compromisé)in
and tuning range is highly dependent 6p. With the aid of
simulation software, appropriat€, is designed by changing
the surface ring gap dimensions or the dielectric constant
(Fig. 11(b) and Fig. 14). For example, a resonator is designe
for high @, 160—40, but with a limited TR of 1.2 in [12].
This is analogous to the curve in Fig. 11 wifh, = 1.6 pF
which has a'R of 1.22.

Alternatively, to design a resonator with maximum tuning
range,C, has to be minimized so that it is small relative to
C,. To maximizeQ., b andh can be increased up to the size
limitations anda can be set by the optimal/a = 3.6 ratio.
Then from (7) and (2), appropriate number of varactdis
can be mounted to lower the frequency to the desired range,
resulting in an optimized), for a maximumT R design.

This design, however, may result i that is too large. For

Low Current Density High Current Density example, a cavity with parameters from Table |, except with

Fig.

a = 3.33 mm for optimialdb/a ratio, requiresV = 20 varactors
15. HFSS simulation showing surface currents on thectardoaded  on the surface ring gap to tune frod6 GHz to 1.2 GHz. If

surface. (a) Current is equally distributed8nvaractors and., is small. (b) fewer varactors are to be used, then the cavity dimensioys ma

Current flows through just one varactor which increasesectipath and’,.
(c) WhenC, is dominant, current flows concentrically through regardless

be changed to get the desired frequency range. The height and

of N=8or(d)N =1. radius of the cavity are typically limited by the constraint

(©)

on maximum device size. Varactors with larger capacitances
are not recommended since the increase in capacitance comes
at the cost of reduced),, which directly limits @,. The
reduction in tuning range and cost of high dielectric comista
I*;naterial restricts,. as a flexible parameter for design.

The optimumb/a = 3.6 ratio may need to be sacrificed to
Set the desired frequency range. From Eqgns. (7) and (6), the
resonant frequency depends on the ratio. From Fig. 16,
increasingb/a from the optimum ratio of3.6 to 25 can
decrease the frequency frofmto 0.6 f,. The previous example
where N = 20 varactors were needed to tune frond GHz to
1.2 GHz can alternatively be designed by increasing the
ratio from 3.6 to 24. Fig. 17 shows a reduction 66 to 7%
in @, for N =8 compared taV = 20.

concentric regardless df. Figs. 15(c) and (d) show that
current flow is concentric whe®V = 8 or when N = 1.
When Z, and Z., are comparable, then current is dis-
tributed between the varactors and surface ring gap.
N is large and the varactors are equally spaced on th
surface ring gap, current flow is concentric. For small
N, current flow depends on ring radiusand F;. As r
gets larger(C, gets larger and leads to a more concentric
current flow, decreasing,. But also as- gets larger, the
path of the current flow through the varactor gets longer
increasingL,. Additionally, as F; is tuned,C, changes
and the impedance ratio 6f, andC,, changes, making,,
vary with F;. Thus, L, is highly depended on, Z,/Z.,

ratio, andF;.
The surface inductancé, is included in Eqn. (17) by IV. " EXPERIMENTAL VALIDATION
replacing L with A. Resonator
L = Ly + Lo, (23) A substrate-integrated-waveguide (SIW) combline resanato
resulting in with solid state varactors as tuners is designed and fabdca

to validate the theoretical derivations. Fig. 18(a) shotws t
1 designed resonator. In this design, metallic vias are teder
w= \/(C’ YO, + L )' (24) " in a PCB substrate to create the outer wall of the cavity. The
v el e diameter & 1 mm) and the spacing of the vias< (3 mm)

Though not discussed earlier, the effectd.gfis included in all  are designed with the recommendations given in [25] to keep
the theoretical analysis and plots in section 1lI-C. Evesutth ~ losses minimal. Another center metallic via with radiusaof
L, is dependent on various parameters, based on the abosborts the bottom and top ceiling of the cavity. Fig. 18(b)
discussion,L, is always minimal as long a& is sufficiently ~ shows the coplanar-waveguide (cpw) feed lines for thisgifesi
large. The effects of, is further reduced by increasing,. with length F;. Since solid state varactors are used, a structure
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Fig. 16. Plot ofb/a ratio versus normalized frequengy, where f, = 1
is the resonant frequency for the optimuifu ratio. The resonant frequency
decreases b9.6f, asb/a is changed t®5.
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220 | —e— N=20 - Fig. 18. (a) Designed resonator’s top view and (b) bottonwvihowing
F —=— N=8 ] cpw feed lines. (c) Rogers TMM3 substrate with vias @vid= 16 Skyworks
200 = SMV1405 varactors. (d) Close up view of the two surface riaggyshowing
r ] the varactors (not soldered on yet) and the DC bias point.
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Fig. 17. A resonator can be designed with= 20 with optimal b/a ratio 100 ;// 7
equal t03.6. Alternatively, the optimab/a can be compromised(a = 25) IS S B — I S S N—
to design a resonator with the same frequency range where fewactors 0.6 0.7 0.8 0.9 1.0 1.1 1.2
are needed¥ = 8) with reducedQ.,. Frequency (GHz)

. . . . . Fig. 19. Comparison of measured, simulated, theoretical (ath without
with two ring gaps is needed to create a bias point for thqgf and Lo) Qupversus frequency. ¢

varactors. The two rings also allows for back-to-back viamac
placement for improved linearity [20]. Since the additibna

fing is in series with the original ring, Eqn. 2 and Eqn.3 aret0 30 V. This figure validates that the simplified lumped model

from Fig. 2(c) is reasonable in predicting and @,,. As the

modified to N fabricatedC, and L, become even smaller, the lumped model
Co = ECM’ (25) should become closer to the measured results. Measyed
9 is lower due to losses in dielectric material (loss tangent i
R, = NRM' (26)  0.002), fabrication, and assembly.
In order to keep the sam€, and thus the same frequency TABLE IIl. CAVITY DIMENSIONS USED IN FABRICATION
range, N needs to be doubled for a two ring gap design Cavity parameter value
compared to a one ring gap design. R 5 mm
The first part of the theoretical analysis was based on the Z &im
lumped model presented in Fig. 2(c). In order for Eqn. (7) w 0.3 mm
and Eqgn. (16) to be valid}, and L,, had to be negligible. An T 3 mm
SIW resonator is fabricated on a Rogers TMM3 substrate with varadtor Skyworks SMV1405
the dimensions given in Table Ill. By choosing = 16, the C1o 0.63-2.67 pF
effects ofC, and L, is minimized. Figs. 18(c) and (d) show the Riy 0.8 Q
fabricated resonator and a close up of the arranged vasactor et Rogers M3
with the isolated bias point for the varactors (not solderad e 3.37
yet). Fig. 19 compares measured, HFSS, and thegry.is conductor copperi(r.5 um)

plotted versus frequency as the varactors are biased (r¥m
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Fig. 20. Measured),, versus frequency folV = 1 to N = 20 along
with maximum theoreticat),, (solid line) atC, = 0.63 pF. For largerN,
Cy > Cyp and@Q,, is limited by Q. ; asN decreases,', becomes comparable
to C, and @, exceedsR),

Part of the difference in measured versus theoreticahd Fig. 21. (a) Two resonators with inter-resonator coupliigand weak
external coupling. Both the width of the coupling iris. and post-to-post

Q., is caused by excluding, and L. Fig. 19 plotsQ), Versus gistanceP, can be changed to changé. (b) A one port resonator structure
frequency including the effects af, and L,, whereC, = used to extract). by varying the coupling angl€),,, when the feed line
0.6 pF andL, = 0.3 nH were extracted from measured data. F: and coupling gap siz&/. are constant.

The measured R is about2.1, simulatedT' R is about1.94,

and theoreticall'R including the effects o, is 2.01. The  resonator withQ,, of 240 at 6.6 GHz [14].

slope of the curve witlt”, and L, is much closer to measured
and simulation then the curve withodit, andLL,: @, increases

as more electromagnetic energy gets distributed’jras C, B. Rlter o
is tuned to a lower capacitance. To demonstrate the application of the resonator, a two-pole

A resonator, with similar dimensions as Table IlI, is fabri- 2nd a three-pole tunable filter are designed and fabricaiid w

cated except withV ranging from1 to 20. To compare the the resonator parameters from Table IIl. A similar procedur
measuredy,, with Q,,, Fig. 20 includes a plot of theoretical as outlined in [21] is used to get the external quality facgor
Q. at F, = 4.2 (maximum@,). In the figure,Q, is limited apd inter-resonator co_upllng from HFSS simulation. HFSS
by Q. when N is large, but exceed®, for N = 4 or less— Simulation is used to simulate various valuesby changing
C, has become significant compared @. In fact, in the the width of the coupling iriss. and the post distande; while
extreme case ol = 1, C, is 0.315 pF, which is less than the feed lineF; is kept far from the post (see Fig. 21(a)).
C, = 0.6 pF. When the number of varactor§ decreases, Fig. 22(a) showsK' versusP; whenw, = 1.6 mm simulated
C,/C, ratio increases anfiR decreases. Table IV summarizes aroundl.1 GHz. A resonator with one port shown in Fig. 21(b)
the results of frequency range afd?. Table IV shows that IS used to simulate@.. As seen in the figure, another opening
the TR decreases fron2.17 when N = 20 to 1.78 when is created at the end of cpw feed lines with a coupling gap size
N = 1. Table IV also summarizes the results@f, andQ,  Gc and coupling angle ofany. Fig. 22(b) shows). versus
ratio at variousN’s. When N = 20 and thusC, dominates, Qang WhenG. = 0.7 mm andF; = 1.35 cm is simulated

Eqgn. (10) states thah@, = V4.2 = 2.05 which is close to aroundl.l GHz.
the measured),, ratio of 2.38. The required values of. and Q). for a two-pole Butter-

worth filter response are
TABLE IV. SUMMARY OF MEASURED PERFORMANCE OF FABRICATED

RESONATORS WITH VARYING N K1’2 _ FBW _ 0028, (27)
N freq (GHz) TR Qu QR 9192
T 160281 178 35150 4.4 gog1
2 137251 1.83 44-153  3.49 Q. = =35, (28)
3 1.182.26 1.91 48-163  3.40 FBW
4 1.07-2.09 195 51-170  3.33 where FBW = 4%, g9 = 1, g1 = 1.4142, and gy = 1.4142.
B R Fig. 23(a) and (b) show the designed and fabricated two-
20 0.52-1.12 2.17 90-214  2.38 pole filter with w. = 1.6 cm, Qungy = 90 degrees, and

F;=1.35 mm in ab x 3 x 0.5 cm® volume. The filter tunes

It should be noted thaf),, of the tunable resonator depends from 0.5 GHz to 1.1 GHz with measured insertion loss from
heavily on the tuner technology. In this case, solid statel.46 to 1.67 dB and measured return loss frahs to 27.8 dB
varactors have highe€), at lower frequencies. RF-MEMS (Fig. 23(c)). A4 + 0.1% FBW is maintained through out the
tuners can be used to get high, at higher frequencies. For tuning range. An Agilent PNA-X is used to measure input
example, the authors have demonstrated a surface ring gapird-order inter-modulation intercept point (11P3) withe two
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Fig. 23. (a) Designed and (b) fabricated octave tunablepule-filter with
measured (cP2; and Si;.

tones separated b0 kHz. The 1IP3 ranged fron17 dBm
to 30 dBm when the varactors were biased(0aB0 V. The

required values ofK. and Q. for a three-pole Butterworth

filter response are
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9192

Kio=Ksz= = 0.0283, (29)
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Fig. 24. (a) Designed and (b) fabricated octave tunablestprde filter with
measured (cP21 and Sy.

_ 9091 _
FBW

where FBW = 4%, g0 = 1, g1 = 1, andgs = 2. Fig. 24(a)
and (b) show the designed and fabricated three-pole filtér wi
we = 1.6 cmM, Qang = 100 degrees, and; = 1.35 mm in a

5 x 3 x 0.5 cn® volume. For this filter,N = 14 is used for
the resonators to get slightly higher frequency rangé.o8—
1.22 GHz with a constan8-dB FBW of 4 + 0.2%. Fig. 24(c)
shows that the insertion loss varies fran2 dB at0.58 GHz

to 2.05 dB at1.22 GHz.

Since both the two-pole filter and three-pole filter were
designed afi.1 GHz, the simulated{ and Q. values are best
matched to the desired valueslat GHz. As seen in Fig. 23(c)
and Fig. 24(c), the return loss decreases as the filter igitune
to lower frequencies. In [26], a varactor is mounted on the
cpw feed line to chang&). and another varactor mounted
between the two resonators to chan§e Though [26] had
a different resonator technology, the same concept of tanab

Qe 25, (30)
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TABLE V. COMPARISON OFTUNABLE FILTERS [4] H. Joshi et al., “Highly loaded evanescent cavities fddely tunable

high-Q filters,” in2007 IEEE MTT-SInt. Microw. Symp. Tech. Dig., Jun.

Ref. Technology F; TR  Freq. (GHz) Qu Fabrication
and Integration 2007, pp. 21332136'_
7] Piezo — 50 92.714.03 300=700 Complex [5] S.J. Park et aI.,: “High-Q RF-MEMS 46 GHz tunable evanescent-
[5] RF-MEMS —  1.37 4.07-5.58  300-500 Complex mode cavity filter,” inlEEE Trans. Microw. Theory Tech., vol. 58, no. 2,
[6] RF-MEMS — 1.55 3.04-4.71  300-650 Complex pp. 381-389, Feb. 2010.
[[193]’] RVI‘:"‘_'SCE“,\’/{; 4 1‘% 2'182:%'24 3gjgg g:mp:g [6] X. Liu et al., “High-Q tunable microwave cavity resonatoand filters
[22] varactors 2.6 13 1729 ~ 110" Simgle using SOl-based RF MEMS tuners,” ih Microelectromech. Syst, vol.
[23]  varactors 4.2 1.4 1.4-2.0 ~ 50" Simple 19, no. 4, pp. 774784, Aug. 2010.
[24]  varactors 8.8 1.86  0.7-1.3 ~ 150~ Simple [71 X. Liu et al., “A 3.4-6.2 GHz Continuously Tunable Electrostatic
This  varactors 4.2 22  0.5-1.1  84-206 Simple MEMS Resonator with Quality Factor of60-530," in IEEE MTT-S
*Extracted at highest frequency Int. Microwave Symp. Digest, June 2009, ppl1149-1152.

[8] M. S. Arif and D. Peroulis, “A 6 to 24 GHz continuously tuslia, micro-
. . i . fabricated, high-Q cavity resonator with electrostatic Wik actuation,”
Q. and K can be implemented in the presented filter design  in IEEE MTT-S Int. Microwave Symp. Digest, June 2012, ppl-3.
without added complexity. This allowg. and K" to be tuned (9] V. Sekar, M. Armendariz, K. Entesari, “A 1.2-1.6-GHz Stiae-
as the frequency response of the filter is tuned to improve Integradeted-Waveguide RF MEMS Tunable Filter,” iBEE Trans.
return loss away fron.1 GHz. However, adding more varactor Microw. Theory Tech., vol. 59, no. 4, pp. 866876, Feb. 2011.
will introduce more insertion loss. [10] S. Fouladi et al.,“Combline tunable bandpass filter gsRF-MEMS
Table V compares some of the recent tunable filters. As ;Wiltghed capacitor bank,” ifEEE MTT-S Int. Microw. Symp. Dig., Jun.
mentioned earlier and summarized in the table, the contglexi 1 'c:) H ¢ al."High- Tunable Dielectric R s Usi
H . Auang et al., [Aign- unapble Dielectric Resonato sing
of the presented. surfaqe ring gap resonator (and otherrplanH MEMS Technology,” inlEEE Trans Microw. Theory Techn., vol. 59,
varactor tuned filters) is reduced compared to some of the ;715 pec. 2011
Vertlca”y allgned plezoelectnc Or, RF-MEMS based filters. 2] S. Sirci et al., “Varactor-Loaded Continuously Turel8IW Resonator
Moreover, to the best of authors’ knowledge, the presente for Reconfigurable Filter Design,” iRroc. 41th. Eur. Microw. Conf., Oct.

surface ring gap resonator exceeds Th& of all other solid 2011, pp. 436-439.
state varactor based filters for a given varactor capa@teat®d  [13] S. Sirci et al., “Analog Tuning of Compact Varactor-LeatiCombline
(F,): measured'R exceeds,/F; (Egn. (8)) for this work. Filters in Substrate Integrated Waveguide,”Rroc. 42th. Eur. Microw.
Conf., Oct. 2012, pp. 257-260.
V. CONCLUSION [14] A. Anand et al., “A Novel High€),, Octave-Tunable Resonator with

) ) ) Lumped Tuning Elements,” iFEEE MTT-SInt. Microwave Symp. Digest,
This paper presents the modeling and design of an octave June 2013.

tunable combline cavity filter using surface mount lumped[i5] G. F. Craven and R. F. SkedByanescent Mode Microwave Compo-
tuning elements. Detailed theoretical analysis on thengini nents, Boston: Artech House, 1987.

range and(@, of these resonators/filters are presented. A16] Ansoft CooperationHigh Frequency Sructure Smulator. [Online].
systematic design methodology is also proposed. To validat  Available: http://www.ansoft.com/products/hf/hfss/

the theory and the design procedure, a tunable resonatior wif17] F. T. Ulaby, “Transmission lines” irFundamentals of Applied Elec-

Q. of 84-206 at 0.5-1.2 GHz, a two-pole tunable filter with tromagnetics, media ed. New Jersey: Pearson Edu., Inc., 2004, ch. 4,
tuning range of).5-1.1 GHz at a constant FBW of + 0.1% pp. 41-42.

and measured insertion loss df67 dB at 1.1 GHz, and a [18] P. \ﬁzmu_ller, “Useful Formulas” irRF Design Guide: Systems, Circuits
three—pole tunable filter with tuning range 058-1.22 GHz and Equations, Massachusetts: Artech House, Inc., 1995, ch. 2, pp. 238.

0 ; ; [19] J. Martinez et al., “Capacitively Loaded Resonator @mpact Sub-
at a constant FBW ot + 0.2% and measured insertion loss strate Integrated Waveguide Filters,” Rroc. 40th. Eur. Microw. Conf.,

of 2.05 dB at1.22 GHz are demonstrated. Sept. 2010, pp. 192-195
[20] M. A. El-Tanani and G. M. Rebeiz, “Two-Pole Two-Zero Tabie Filter
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