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SUMMARY

The miniaturization of RF passive components pkay#al role for SOC (system
on-chip realization) fabrication and device sizelugtion on PCB’s (printed-circuit
board) design. RF component sizes are in propottidhe transmission-line wavelength.
Conventional TLT (Transmission line transformer) Baluns employing the use of
magnetic cores become very lossy and inefficiegbbe frequencies 10 MHz. Hence in
recent times TLT’s using the planar strip-lineshwtihe distributed circuit approach that
does not require the use of magnetic materials baga proposed.

In this thesis a novel technique is employed u#iieg3-D substrate metallization.
Here the right-handed metamaterial guided wavecttres are used which employs
distributed series inductance and shunt capacitanb&ved over multilayer loops and
parallel strips of PCB. This will bring out the gteéncrease in Slow-Wave Factor (SWR)
which corresponds to component-size reduction. Le8)&/F contributes to smaller
guided wavelength, thereby the physical size of Rfe passives can be reduced
dramatically. A slow-wave TLT balun at 1.9GHz isachcterized. A prototype is
fabricated and tested. The full-wave simulatiorultssfrom Zeland IE3D and network
measurements find good agreement. The proposedbalufs could be scaled up or

down for applications in various wireless commuti@asystems.

viii



1. INTRODUCTION

1.1 Backaground and M otivation

RF passive components such as transformers/badatiged on SOC’s and on
miniaturized PCB design substantially contributeetdhance the reliability, efficiency,
and performance of RF integrated circuits. Extemsind innovative research has been
done in recent times focusing on the design andackerization of various on-chip
transformer models particularly achieving breaktigtes in device compactness and size
reduction [1]. Transformers are typically used agpedance matching networks for
antennas and amplifiers and as baluns for convetseiween differential and single-
ended signals. Wireless communication systems medoaluns as one of the key
components in devices such as balanced mixer, pulslamplifier, and antenna feed
networks etc. Analog circuits requiring balanceguits and outputs in order to reduce
noise and high order harmonics employ baluns.

As evident use of TLT's replacing the conventiongnsformers in device
fabrication over past few decades is quite chaltepgransmission line transformers use
novel design comprising interconnected transmissioes employing energy transfer
through electromagnetic waves instead of the lasmypling of flux method. These

possess far wider bandwidths and much greatemhiaa®n efficiencies over the



conventional transformers. Use of the ferrite cqleses limitations in the use of TLT'’s
for higher frequencies because of the predominarg losses and parasitic effects. This
limitation can be clipped by employing an alternatevice fabrication technique
removing the need for core. Thus use of planarstrassion lines in TLT’s aids in
improving the transformer structures to facilitab®re compactness, light weight and
high packaging densities using the integrated titeechnology [2]. Use of multilayer
technology has also greatly reduced the occupiadesp

Hence modeling of TLT’s using several planar staiprication techniques revolutionized
SOC and PCB designs in recent years employing Rfpoaents. Several prototypes
have been developed leading to more comprehensdeféicient performances.

One of the techniques employed for device miniaation is by embedding them
in high dielectric constant materials (smaller wawmgths) and this can be synthesized
with 3-D material metallization built on a low deeltric medium on a multilayer PCB
substrate [3-4]. Based on the recent research tna Ul Slow wave transmission line
structures (comprising distributed cascaded indact@nd capacitors in a periodic
manner) one could achieve high scales of size temfuimvolving novel high-density 3-D
periodically loaded right-handed transmission lindsere the SWF (defined as the ratio

of free-space wavelength to the wavelength in thidegl structure) is increased such that



smaller guided wavelengths are achieved and themedhycing the physical size of the
RF passives.

Based on the recent research related to develapipignar TLT from coreless
high frequency switching power supply transformesning utilization in RF
applications using multilayer technology the baggotogy of this thesis is constructed
[5-8]. The topology consists of two quarter-wavansmission line structures cascaded
and one of the line structures being made of iotarected lines to provide the DC
isolation required [9]. The 3-D metallization teafure bringing ultra-large slow-wave
factor is applied to this topology resulting inery compact Balun with length reduced to
a factor less than one-tenth of the free-space leagth.

A 1.9 GHz Balun is designed using a cascade of5dhehm and two 75 ohm
ultra-slow wave transmission line structures cotett@nd built over a 30-mil thick four

layer FR-4(¢, = 42) substrate where in the two 75 ohm lines are intemected to provide

the required DC isolation. The two quarter-wavedirare chosen in such a way that the
characterized balun has a 1:9 impedance rati®aBHz resulting in a 1:3 voltage ratio.
The planar dimensions of this balun built on a 38rfiick FR-4 are 10mm by 6mm. A
method of moment (MOM) based full-wave solver frdeland called IE3D is used for

simulations and various parameter extractions. prosotype is fabricated and tested.



The simulation results from IE3D and the measuesdilts from network measurements
find good agreement.

Thus the use of such innovative fabrication techegjfor designing compact and
physically miniaturized RF passives plays a sigaifit role in the RF monolithic
integrated circuits (RFIC’s) design and device nfacturing at micro-electronic levels.
These concepts can be improved further to be imgiéed to various other RF passives

to achieve more efficient and high frequency openst



2. THEORY

2.1 Theory for Transmission Line Transformer (TL T)/Balun

Transmission Line Transformer (TLT): Transmission line transformers operate
by way transferring energy in the TEM mode of ttam$mission lines which is different
from the way a regular conventional transformerrgypéransfer by means of magnetic
flux coupling.

As discussed in the previous chapter Baluns aet @omponents in System on
Chip (SOC) realizations and for PCB’s layout in RE Integrated Circuit Designs. The
high frequencies operable baluns which are morepeect light weighted, energy
efficient aid in various RFIC’s applications such zlanced mixer, push-pull amplifier,
and antenna feed networks etc. Analog circuitsiregubalanced inputs and outputs in
order to reduce noise and high order harmonics @nrphluns. Thus the need for planar
TLT’s which unlike the conventional TLT'’s (i.e. odle only upto a range of less than
10MHz) that use core and hence placing limitatiars the device compactness,
fabrication and operation frequencies is quite enid The design of planar TLT's and
their characteristics are discussed in this chdgtst is described the analysis of general
circuit parameters of a transmission line sectind then DC Isolation is also achieved

with the use of interconnected transmission lines.



2.2 Analysisof a Transmission Line Section using Transmission (ABCD) M atrix

In practice many microwave networks consists chacade connections two or
many of two-port networks. Hence convenient wagltaracterize a microwave network
would be to use 2x2 transmission or ABCD matrix &ach two-port network. This
derives that the final ABCD matrix for cascade afny two-port networks is nothing but
the product of the ABCD matrices of the individtab-port networks in the same order
as the connections are made.

Figure 1 shows a transmission line of length ASsuming this transmission line

represents a two-port network one could get ABChrim#o be defined as below
Vin = AV + Bl (2.1)

lin=CV_ + DI, (22)

(=)= o)) 2.3)



Where \,, lin, VL and | are the input and output voltages and currengzectsely and
A, B, C and D are the elements of the ABCD matffixe equations (2.1) and (2.2) show

the basic relation between the input and outputgels and currents in this analysis [10-

11].
lin L L
S .
+ +
Vi, Zy VL

Figure 1 Transmission Line Section

‘Zo is defined as the characteristic impedance of ttansmission line section. From the

transmission line equations the voltages and ctgr@ong the line can be given as

V(Z) = Vl e_yz + Vzeyz (2.4)



Vle_yz - V2 eVZ
Zo

I(z) = (2.5)

Where V(z) and I(z) are the voltages and currelusgathe line at any point ‘z’.
V1,V; are the voltage amplitude constantsa+jp, where ¥’ is the propagation constant,
‘o’ is the attenuation constant artl i's the phase constant.

In order to obtain input and output voltages amgrents we can substitute
appropriate values for ‘'z’ i.e. z= L for the outpm#ise and z=0 for the input case in the
equations (2.4) and (2.5) respectively. Doing semgle algebraic manipulations using
the four resulting equations one could determiree Ah B, C and D elements of the

ABCD matrix and the resulting equation is as fokkow

cosh(yl) Zysinh(yl)

A B] = sinh(yl)
2 cosh(yl)

c pl~
(2.6)
In case of a loseless transmission line we assti@euation constant’ is 0. Hence the

final ABCD matrix is

cos(Bl) jZysin(Bl)
] 2.7)

[2 D] - [j % cos(Bl)



From equation (2.7) one could find the ratio gbuh and output impedance as

follows,

7in  €os(BD + jsin(Bl)(%—E)

L

jsin(Bl)%+ cos(fD)
(2.8)
If we assume the line is of quarter wavelength lbbaim a linear and a non-
complex relation between the input and output inapeds, then for a quarter-wave
transformer where in the ‘L’ is equal to % of thawelength %"

Zo?
7o = = (2.9)

The two important disadvantages that prohibits single section of quarter-
wavelength transmission line from being used aarsstormer are
0] First the transmission line is not DC isolated there is a common conductor
path between the in put and output ports. A Balum/Tvhen used at the
output stage of the power supply the concept ofigatation is very important
because in most cases the load and power supptyr@uaded and this might

result in short circuiting of the output componeintghe circuit.
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(i) Input and output impedances from the equation (2d8) be related in a
product form. That is a constant characteristicadgnce for a given quarter-
wave transmission line can be given by the geometgan of the £and 4
values. Where as in the case of a convention wamsfr the input (primary)
and the output (secondary) voltages and curremisotde related in the same
way to form a relation like that of (2.9) betweeheit input/output
impedances. In the conventional transformer theettapce ration between
primary and secondary ports is of the form

Zin 1

7L = F (2.10)

Where Z,= Vi/lin, Z.= V| /I_ are the impedances at the primary and the secpndar
ends. ‘N’ is the reciprocal of the voltage ratialahe current ratio between the input

(primary) and the output (secondary) ports.

2.3 Electrical | solation of Two Two-Wire Transmission Lines

To clip the cited disadvantages and to use a quadeelength transformer as a
conventional transformer the following methods hbeen adopted. It is known that

two two-wire transmission lines can be interconeeédh a manner that the input and
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output ports are electrically isolated. The resgltisolated interconnected lines are

shown in Figure 2 as in [12].

I|n> a-1‘ L1 Cy
—_
e Loy
bj_‘ d; —_—
@r
Vin Iin ||_ V|_
a . Lo C2
Lo Lr—|—

Figure 2 Isolated Interconnected Transmission Lines

In order to obtain the circuit parameters for thieiconnected transmission lines and
to derive the combined ABCD transmission matrix sheuld make the balanced line
transmission line assumption. With that assumpti@ncurrent in one conductor of the
transmission line is equal in magnitude and oppasidirection to the other. This makes

the current;} going into the node,aame as the current emerging from the nade b
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Same is the case with curreptthat is going into node,do be same as the current
emerging from node;cAssuming 4 and %, are the characteristic impedancesahd
L, being respective lengths of the each of the indiai transmission lines, one can

obtain a final ABCD matrix for equal electrical tghs, i.e.

BiL1=PoL>=pL

A B cos(Bl) jsin(BD) (Zo1 + Zoz)
[ ] - jﬂ cos(Bl)
(Zo1 +Zo3)

(2.11)

Where B;’ and ‘B’ are phase constants of 1 and 2 transmission tesgectively.

From equation (2.11) one can infer that the finahtnm ABCD of the
interconnected transmission lines from Figure Reis/ similar to that of a single section
matrix. To further simplify if we further assume,

Zo=Zo1+Zo2

Then an interesting assumption can be made. Onstatanthat the transmission
matrix resulting from the interconnection of twansmission lines of equal physical
length, equal phase constants is similar to a sitrghsmission line section which has the

same phase constant, length but the charactangtedance is the sum of the
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characteristic impedances of each of the individinak and can represented in by the

Figure 3 as follows

lin L
—— I
21
J _ h L |
9—_5—
+ +
in Ll WL = Vh %= Zo1+Zo \
I
L _ _
St L
2y

Figure 3 Equivalent Transmission Lines

Hence the desired electrical isolation is obtainéd.useful feature of the
interconnected lines is that the input and outpyriads are dc isolated similar to a power
transformer. Furthermore, the symmetry allows thgwt to be differential for a balun

operation.
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2.4  Conventional Transformer Response

From section 2.2 which contains a simple singlartggi-wave transmission line
one could not obtain the required response aoftetonventional transformer and same
is the case even when dealt with the electricalblated interconnected transmission
lines. In order to overcome this dis-advantage ooeld use two such isolated and
interconnected two line quarter-wave transformestiges and cascade them to get
response of a conventional transformer. It is kndlat two quarter-wave transformers
cascaded together form an impedance transformaenthe voltage ratio is the ratio of
the characteristic impedance of the two lines.tkissng the equation (2.11) one should
obtain the ABCD matrix for each of the individualscaded sections and the final matrix
for the entire transformer can be obtained by tloelyct of these matrices. The following

Figure 4 shows one such cascaded transmissiotrdingformer as,






15

Figure 4 Transmission Line Transformer with twoadar-wave transformers
cascaded together forming an impedance transformer



Iin

+

Zo1

16

)
Cascade 1
Vin Za=Zo+ 2o Vi1
L
+
— U
ILl
Zop
- —
I L
+ Zoz
— I,
Cascade 2
vV, Z2o=2z+Zw

Zog




The transmission matrix for the cascade sectiongne

() =(g o) ()

for the cascade section two,

(i) =(c; 02) )

and for the entire transformer,

()= 5

17

(2.12)

(2.13)

(2.14)

From equations (2.12) and (2.13), one could obser@dinal matrix ABCD for the TLT

is same as the product of the individual cascadetions AB;CiD; and AB,C,D..

Hence we have,

A B] A1A2 + B1C2 A1B2 + B1D2
C D

~ lc1A2 + C2D1 B2C1+ D1D2

(2.15)
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From equation (2.11) one could write the transmissnatrices related to their

individual cascaded sections as,

A. B .CO.S(BD jsin(BD) (Z¢1)
Ci Di] - [] % cos(Bl) (2.16)
A B [cos(B) jsin(BD(Zc)
¢ b= [f B cos(B) (2.17)

Hence from equation (2.15), one could get

oo cos? (1) = sin? (B 7 sin(BDcos(BD) Ze +zcz>}
c ol | 11 . Zes
[]sm(Bl)cos(Bl)(Z—C1+Z—C2) cos2(Bl) — smz(Bl)Z—C1 |

(2.18)

Where %= ZoitZo, Zco = ZostZos are characteristic impedances of the individual
cascade sections one and two respectively, simm® forevious sections one could
assume such interconnected isolated transmisgi@s ks a single section of line with

characteristic impedance equal to their sum.
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If we define the normalized characteristic impemEnfor cascaded sections one
and two as,

Za=ZcilZ,,
Ze=ZclZ,,

and the impedance ratio for the entire cascaddsaeas,

N= Zco Zey,
From the transmission matrix equations,

Vin= AV + BIl_
lin=CV_ +DI,

One could obtain the ratios¥¥/ and |, /I, values as A+B/(J and C4+D,

Having known the values for A,B,C,D values from atjpn (2.18) we can

substitute these values and obtain the voltageecuand impedance ratio characteristics
for the TLT as,

Vin
Zin _ Vi
ZL Iin



20

COSZ(BD _ Sinz]E]BD + jSil’lz (Bl) (ch + ZCZ)

_ tan(pl)
B 1 1
2 (BD) — sin2 BN + isin2 (gl Ze 22
cos“(B sin“(B jsin%(B tan(pl)
(2.19)
at quarter wavelength equation (2.19) reduces to,
Vin 1
Zin _ Vi _ N _ 1
. lin T N N2
IL
(2.20)

This gives the voltage/current/impedance charastiesi similar to that of a conventional
transformer, where in the ratio of the input topuitimpedance is inverse of the square
of real number and that implies the voltage/curratio is inverse of that number and can
be matched with the equation from (2.10) for a emtonal transformer.

The Transmission line transformer circuit topoladown in the Figure 4 can be
further simplified by recollecting that the isoldteinterconnected quarter-wave
transmission lines can be equivalent to that ahgle section with impedance equal to
the combination of the individual line sections aisb represented in Figure 3. Hence in

Figure 4 if the cascade section one is replacea $iggle section of line with equivalent
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characteristic impedance then their will be no affen over-all performance of the
circuit and the total number transmission linesdusethe circuit topology is now reduced
from four to three thus reducing the total physlealgth of the transformer by 25%. This

modified structure of the TLT can be seen fromRlgure 5.

L
—
43
—
lin L L1
» > Cascade 2
Vin Cascade 1 RY Lo=ZoztZoa Vo
%1=2Zo1+ 2o
_ _
L I +
— E— -
o

Figure 5 Transmission Line Transformer (TLT) wikinge transmission Lines
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Hence the required topology for transmission limasformer (TLT) is designed
using three transmission line sections, which wgrfgaidentical response with that of a
conventional transformer and also provided withcteleal isolation and hence can be
used as an effective Balun. In contrast to a Mardhaalun where the input port is DC
open with 500hm output termination, the TLT baloput port carrying the basic features
of a power transformer is dc short and serves gsediance as well as voltage
transformer. In RF applications, it could conneot high-impedance differential

amplifiers at chip levels.

2.5 Characteristics of M etamaterial Slow-wave Periodic Structur es:

Metamaterials are artificially structured materiplsysically modified to have
properties that may naturally are not existenthiem. Metamaterials usually gain their
properties from structure rather than compositiamsing smallirregularities to
embed significant changes in their efficiencies.eThtudy of the fundamental
electromagnetic properties of the slow-wave pedoditructures using general
transmission line approach provides insight forigleeg novel miniaturized microwave

devices.
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Periodic structures have been significantly devedbim the recent past in various
applications of microwave engineering. In naturgstal structures exist with well
defined periodicity. Periodic structures are naghbut finite or infinite repetition of a
unit cell in one, two or three dimensions. Metamatgeriodic structures have been the
centre of research for efficient use in device caaupess, fabrication density and weight
reduction techniques development. Metamaterialscarsidered highly efficient when
compared with the traditional di-electric materiated conducting metals. Metamaterials
have found profound use in many practical applicegiin microwave and optical fields.
Some of the typical examples include microwaverfdt couplers, lenses, beam steerers,
modulators etc. Photonic crystals and frequencectge surfaces are some other
periodic structures that can be talked about wihiéedistinct feature of metamaterials is
that these are pre-defined for specific applicatiorespective of the former.

Arrays of distributed current conducting elemelike inductors and capacitors
characterized by multilayer wounded wire loops guarallel strips contribute to
microwave frequency metamaterials. Electromagnietind-gap and dispersion curves
can also be tailored in the usage of these strestdrhe conventional transmission lines
(TL’s) consists of series inductance and shunt aggace in the circuit model of their

unit cells.
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Conventional TL's are a typical example of a riglataded RH materials where in the
electromagnetic energy as well as the wave-fraatget away from the source and also
the phase and group velocities are parallel witbheather. The typical example to
increase a slow-wave factor is to significantlyseaihe inductive and capacitive values in
the distributed structures. The SWF (slow-wavedgads defined as the ratio of the free-
space wavelength to guided wavelength. By usingetf®WVF increasing techniques one
could enormously reduce the device size and thugdse the operating frequencies i.e.
bandwidth. The other structures that are mirrorgento RH TL’s are nothing but the left-
handed (LH) TL's. These have circuit models fortwalls where in the inductance and
capacitance are interchanged which results in afgppbkase and group velocities unlike
the RH materials in which the phase and group vtsscare parallel. The main focus of
our study is on the RH periodic structures thatvgi® better and stable SWF and least
dispersive characteristics when compared with LHenws over the broad frequency
ranges.

Next we study the transmission line analysis efittiinite periodic structures and

then characteristics of the slow-wave RH structaresanalyzed.
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2.6 Transmission Line Analysis of Infinite Periodic Structures

Let us consider an infinite periodically loadeg@insmission line as below,

0 0 >pH = 0
| | IR |
.......... Jb Jb .Ib v. _]b e Jb Jb
e T T o T ]
Zo,( <— d——> Unit cell

Figure 6 Infinite periodically loaded transmissiore

Here the unit cell for the infinite transmissiomdi consists of the length ‘d’ of the
transmission line in which we can find shunt susmeqge of the value ‘b’. The value ‘b’
is normalized to the value of the characteristipedance £ If the infinite line is

considered to have an infinite number of two-patworks than a transmission matrix
written for the g, cell is given with A,B,C, and D parameters thaatedl the voltages and

currents on either of the cell as in [13],
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Vo) — (A B)(va
() =( b)) @21)
The unit transmission line section consists of ree liof length d/2, and then the

susceptance ‘b’ and then again the line of lendth @he combined matrix for this

cascaded section is written as

b b b
(cose—zsine) j(sin9+§cose—§)

[A By _
o b b b
](51n9+§c059+§) (cos@—zsmﬁ)

c Dl
(2.22)
Assuming the wave is propagating in the +Z direcad since the line is infinitely long,
the voltage and current at thg terminal can only differ by a phase delay factoetf,
where ¥’ is the complex propagation constant ard+jf3. Thus,
Vi1 = Vpe ¥
Inp1 = Ipe™¢
(2.23)

Combining equations (2.21) and (2.23) we have

(a2
d =0
C D_ey In+1

(2.24)
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In order to determine the non-trivial solution fbe above matrix the determinant should
be ‘0. This results in the following eigen-valuguation after performing some simple

algebraic manipulations [13],

coshyd = =22 (2.25)

The characteristic impedance of these waves atriieell terminals is defined as

Tp = Zo b1 (2.26)

IIl+1

‘Zo is the characteristic impedance of the unloadee. ISince these waves are
similar to the elastic waves or Bloch Waves thavet through periodic crystal lattices,
the impedance gZis also referred to as Bloch impedance. From éopmt(2.24) and

(2.26) we can solve forgasin [13],

_ ~2BZ,
25t = AT (A+D)2—4 (2.27)

The +sign indicates the characteristic impedance feitpely and negatively travelling
waves. Here the direction in whichttavels is referred to as the positive directibthe
magnitude of the (cosH) value is <l and s purely real, the periodic structure support
the propagating modes; if magnitude of (a@hhs > 1 and Zis purely imaginary, which

results in a rapid exponential delay of the fieldthe cut-off modes.
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Now let us consider the analysis of a unit cellichhconsists a lumped LC
network on the transmission line with length ‘difgemuch smaller than the wavelength

of interest. The lossless TL is assumed througti@ianalysis.

2.7 Analysisof Transmission lineloaded with reactive elements

In this analysis the lossless transmission linassis of cascades of reactive
elements like L and C as shown in Figure 7. Theslitie is formed by the cascades of
LC networks. When considering the transmission timée acting as a filter, this LC
based TL is a low-pass filter. Care is taken thatunit length of the cell ‘d’ is smaller
than the guided wavelength i.e. say dq< 4 i.e. the electrical length of the unit cell is
smaller than the / 2, then the LC based TL is primarily consideasdthe homogenous
medium by electromagnetic waves. This is purelyhtrdiganded because the wave
propagation follows right-hand rule. By simply rapihg the inductance by capacitance
and vice versa one could achieve the high-pass filttion of the TL and the resulting
structure is left-handed LH. The main focus in tthissis is only on the RH structures
because of the low dispersion effects being constimto account over a wide range of

frequencies.



Uni; cell ‘d’
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Figure 7 Lumped- element low-pass LC network

2.7.1 Propagation characteristics of a Slow- Wave structure

For the unit cell circuit shown in the fig 2.7 ttransmission matrix ABCD is
given by, For an inductor L and circular frequeheythe ABCD matrix is
o 7]
Similarly for capacitor with capacitance C the AB@fatrix is

[1 0
joC 1

Hence for the unit cell the matrix is,

A Bl [l joL1[1 0] _ [1-w?lC joL
]_[o 1][ij 1]_[ joL 1

Cc D

(2.27)
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Based on the equation from (2.25), and also corisgle=f, sincea=0 for the lossless

case we have,

cos Bd = 1 — &€ (2.28)

2

The eigen valuef’ can be solved assuming that the right hand sidéhef

equation (2.28) is not more than 1 because cosahges are defined only for values
between 0 and 1. Hence the cut-off frequency caddi@ed for the proposed structure
above and hence the structure behaves as a lowfifiassand the stop band for the

w?LC,

structure appears. If the maximum value i.e. ‘ltimsidered forl — then we

have,

1
fo = mvVLC

(2.29)
Then the phase constghtan be derived in terms of cut-off frequenicas
2
B = 15 .cos™! [1 -2 (fi) ] (2.30)

The most important parameter, slow-wave factor ($\VgFdefined as the ratio of the

phase constaff normalized to the free-space constént
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Whereko = C/f and G = 3*10° m/s is the speed of light in free spakg,is the wave

length in free space ang, is the wavelength of the periodic structure.

From the equation for the SWF one can observe tth@atSWF is inversely
proportional to the guided wavelength which implteat the increase in value of the
SWEF will significantly result in reduction of theigled wavelength. The physical sizes of
RF passives are normally dependent on the guideglergth and are comparable with
their electrical lengths and hence the reductioth@ size is achieved. Similar kind of
results can be obtained when a component is embeidde high di-electric constant
material. Hence metamaterials with large SWF regnltcomponent size reduction. The
phase velocity of the propagating mode decreases she SWF increases and hence the
name “Slow-Wave mode” for the propagation.

The lumped element LC network shown in the Figdrés nothing but the

representation of lossless TEM wave propagationuomped LC element equivalent

circuit of a conventional transmission line. Soe tbhase velocity y/= \/% and the

characteristic impedance ier\/g = \E which are defined in the case of conventional

TL with the assumption that the operating frequemcymuch less than the cut-off

frequency f<<{. Here L',C’ are per unit length quantities i.e=LlL'/d and C’ = C/d when
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‘d’ is the length of the section of line. Hencerfrequation (2.31) SWF can be expressed

in terms of £ as

(2.32)

: 1
and sincd . = e e have,

SWF f,. d :% (2.33)
Similarly characteristic impedance Zan be expressed in terms of the cut-off frequency

fc as,
Z;.f..C== (2.34)

From equations (2.33) and (2.34) we can observehhbeacteristic impedance Znd the
SWEF are inversely proportional to the cut-off freqay . If we consider Z= 50 ohm
and for a given operating frequency if thevélue is set and the unit cell length ‘d’ is
known then by using equations (2.33) and (2.34)agameobtain the SWF and capacitance

C values and latter determine the inductance Leralu
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2.7.2 Analysis for Characteristic Impedance of Three Circuit lumped element
arrangements

L L/2 L/2
o T o o QUL QUTL_4
c_1 _a
[ ) o [ @

(a) (b)
._m_—.

(©)

Figure 8 Unit cell in L, T and form
(a) L-section (b) T-section (@} — section

There are three combinations possible for low-pasis cell configuration as
shown in Figure.8. The discussions cited till hare only on the assumption that the

operating frequency is much less than the cutreffdency i.e. f<<f
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To get the complete analysis of the characteristigedance Zwe have to study its
variation in the above three networks.

The L network is a simple network and the value tfie phase constaffft is
derived from the using this network as shown inatigm (2.3). The transmission
matrices ABCD for the T and are different than the L network, but the (A+D)uesd
for same for all the three networks and hencehliheetnetworks have the same variations
for phase constant. In these symmetrical netwohes same is not the case for
characteristic impedance. Ze. Bloch impedance as mentioned before. Theallie for
these three networks can be compared by usingethergl equation derived in equation
(2.27).

First of all considering the case for the ‘L’ netilk we have based on the equation

(2.27) and ABCD matrix shown in equation (2.28),ve® get £as

_ L w?LC | joL
Ze £ = i\/; 1- =+ (239)

Since the above equation for the L network is sygthmetrical and also the

imaginary part OfZCL is not equal to ‘0’ this caus&zuand ZCL_ not equal. If the L

network infinite periodic structure is truncateddjoad impedance Zthen the
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7y,

(1-

. o z .
reflection co-efficient is expressed pg = — (1—?;* . This makes the value of the

ZCL—

characteristic impedance for the L network unstaldpending on the number unit cells

on the loaded transmission line. We can observetiieaZ value becomes equal {é

which is the same as the conventional transmidsiercase.

In the second case the ABCD matrix for the symicatiT network is given

. w?LC L1 u)ZLC]
A B - T Jeldm—m)
C Dlr _ w?LC
jwC 1-
2
(2.36)
So, based on equation (2.27) theoZthe T network is as
L w2LC
Loy = \E 1- ) (2.37)



In the third case the ABCD matrix for the symmedlic network is

[ . w?LC L 1

A B T2 o

C Dl 1 w?LC . w?LC
joC( 2 ) >

and

L
C

7. =

Cn w2LC
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(2.38)

(2.39)

When we compare the equations (2.35), (2.37) anm8O)2one can observe that the

characteristic impedances of the three circuitry@aents can be made equal\/\%) if

the operating frequency is very much less tharctheoff frequency i.e. f<<f The only

exception is in the case of L network where therextra imaginary part. In the case T

network Z decreases with increase of operating frequendgd 2 is purely real and

where is in the case network Z is directly proportional to the operating frequgric

Both symmetrical networks have the v&Alue changing around the centre valu@Z\/%

whenever the frequency changes. Thus one deterthatethe L network is the best

choice as it can save more space and if the digtalyes like the imaginary values are

negligible then this arrangement is better to desigre compact circuit realizations.



37

The complex propagation constamt as well as the characteristic impedange Z

can extracted directly from S-parameter measuresnéot either of the equivalent

circuits. Equations are given as [14],

1—5112'|‘5212"‘\/(14‘5112—5212)2—(2511)2

eVl = (2.40)

and
_ (1+S11)2 =S21°
Ze = Lo \J(l—sn)z -S21° (2.41)

2.7.3Dispersion Characteristics

The quality of the transformer is determined byamother important factor and it
is dispersion. The linear phase response is alwlaggable in the pass-band to avoid
signal distortion for a linear transmission systdihe group delay Td can be used as a
characteristic for the phase response which ismddfas the derivative of the radian phase

with respect to the radian frequency [13],

Ta= o (2.42)
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Within the pass band a larger value for the grdefay corresponds to larger
dispersion. It is also referred to as envelopeyjslhich indicates the delays experienced
by the envelopes of transmission packets. Usingtamu(2.28) for a unit cell ‘d’, Jcan

be expressed as

d JVLC
Tq = ﬁ d=——= (2.43)

Therefore from the analysis of the transmissioe Itharacteristics in the sections from
(2.5) to (2.7) one can conclude that in order ttambreduction in the line size or device
miniaturization at a particular frequency one sdaubke the length of the unit cell ‘d’ as
small as possible which corresponds to the SWFgbailarge as possible according to
the equation (2.33). Thus the cut-off frequencgdn also be lowered but not to reduce
too much of the pass-band range. The series imteetas well as the shunt capacitance

values also should designed as large as possitiieie unit cell.



3.Design of a1.9GHz TLT Balun on PCB

Given a unit cell length ‘d’ the question arises@$iow should one increase the
values for quasi lumped L inductance and C capao#ftdo the maximum possible also
within the smallest unit cell length possible whimtrresponds to the significant raise in
SWEF values. The advancement in the current matex@inology allows the lumped
elements to be fabricated practically at a sub-omidevel in silicon micro-electronics or
at a millimeter-scale on a printed circuit boartirde-dimensional substrate metallization
on micro or nano-fabrication of metallic componentghin di-electrics or semi-
conductor substrates has become a key device mization process in the present

integrated circuit technology.

3.1 Physical L ayout Design

The proposed method is to use a 3-D subsrate Imat@n approach to develop
the quasi lumped elements on the FR-4 standardratd$®oard. The inductance and the
capacitance loadings on a micro-strip line contebto the quasi-lumped element
realization. Both the shunt capacitance as wedleses inductance compete for the space
on the least unit cell possible for the greatestFSWdlues. Multilayer 3-D substrate

metallization is an efficient solution for the efént distribution of loading elements into

39
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various layers. The loadings are nothing but fragee wire, slot, or disc plates that are
wound into multiple layers in a periodic mannemtake maximally efficient use of the
limited 3-D volume.

In this section the TLT or balun realized in Figd is designed using novel ultra
slow-wave transmission lines evoloved from the bhamek model in order to minimize
the line size to the greatest extent possible.doaf is to design a TLT/Balun that works
at the 1.9 GHz frequency.

The proposed Balun is built on 3-layer FR-4 (thatree dielectric constant is €
= 4.4 and the loss tangent ¢gar 0.02) PCB with the total thickness ‘h’ is 30 nillhe

three layer unit cell is shown in Figure 9.
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1 =

Z2=30 mil plane

Z=8 mil plane

Z=0mil plane Cross section of the three-layer unit cell

Figure 9A unit cell of a metamaterial slc-wave transmission lin

To enhance the inductance without using a largeadeathe use of verticall
stacked loops within the mu-layer structure is proposed. In order to obtairamd
capacitance in small area, vertically stacked plamar-digital capacitors can be used
different layers. The number of layers as wellhassize of the fingers, distance betwe
them determines the capacitance that can be achiéMeese stacked in-digital

capacitors are built over the parallel capacitasitoplify fabrication.



42

The parallel plate capacitor provides the basigttertotal capacitance and its common
ground for all the inter-digital capacitors stacldmbve is its bottom plate.

The vertical stacking is not realized in a simpl@anner as it is complicated by the
vias that must be used for the layer to layer awenects. Blind-hole vias has a
significant cost over through-hole vias, while utther complicates the design. Annular
rings are to be attached in both types of viagdeoto isolate them and the annular rings
have probability of space constraint with the ar@yiinductors and capacitors especially

when line width and spacing is small.

3.2 SWE Characteristics

Two metamaterial slow-wave lines are designed withracteristic impedances
equal to 50 ohm and 75 ohm respectively. The sitiamga of two-port three unit cells are
based on IE3D: a method of moment (MOM) basedviale solver from Zeland. The S-
parameters can be used to determine the slow-vemters as well as the characteristic
impedances as derived from the equations (2.40)(24d). The simulated slow-wave
factors of the 50- ohm and 75 — ohm lines are shiowhe Figure 10 shown below.

As seen from the previous derivations the ratiteseénductance value to shunt
capacitance gives the impedance level and theitiphichtion gives the slow-wave factor

values. 75-ohm line has the larger SWF becaudeedftger series inductance value L
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because othe bigger loops in the Figure. Quarter wave lengths for the two lines
1.9 GHz based on the SWF vs frequency plot andgteeiotsly derived equations a
found as 5.7 mm and 4.3 mm for 50 ohm and 75 olmeslirespectively. These t

values are used to design the TLT Be

[

[\ ]
T

««:75 ohm line L
==50 ohm line J

—
—_
T

Y
»
1

o
T

w
T

Slow-wave factor (beta/k0)

\

~.J
T
L

5 15 7 25 3 35 4

Frequenéy (GHz)

Figure 10 Slowwave factors of 5~ ohm and 75 ehm metamaterial transmission li



44

33 Design specifications and plots

A miniaturized TLT/Balun is designed as shown ia figure 5. It is designed at
1.9 GHz using the novel ultra-slow wave transmisgdioe structures. The isolated inter-
connedted TL'’s on the right side of the Figure & lue 75 — ohm lines and the left TL is
the 50 — ohm line. According to equation N z/Z.; where in this case.& Zo,+ Zos
where in both
Zo=Zp3=75 ohm and hence.Z150 ohm,

Now Z¢1= Zp;= 50 ohm,

Hence the N=3. Now the ratio of square of the isgesf the value N determines
the impedance ratio and only reciprocal determthesvoltage ratio in accordance with
the equation (2.20). Therefore we obtained a Balih/with impedance ratio 1:9 and
voltage ratio 1:3 at the frequency 1.9GHz. Eack Im quarter-wave long at 1.9 GHz.

The prototype picture is shown in Figure 11 as shbelow.
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Figure 11 Photograph of a metamaterial TLT Baluwtgiype

The 50 Ohm line has two unit cells with a totaidéh of 5.7 mm and the 75 ohm
lines have 1.5 unit cells with a total length dmm. The total Balun area is 10 mm by 6
mm which is electrically small for a wavelength aba60mm (1.9GHz). Note that two
extra vias are necessary to connect 50 ohm antbtloedm lines as the two wire lines are

opposite side of the di-electric layers.
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3.4  Simulation results and measur ement validations

The simulation results of the TLT/ Balun using ZeldE3D are shown in Figures

12 and 13 as

|
Q0
T

-
-
-
----
an®

Scattering parameters (dB)
o

-Meas S11
=12 ~Meas S13 T
-14} =:Meas S12 e
—Sim S11
-16p --+Sim S12/S13 7
-18} .
2% 18 2.1 2.4 2.7 3

Frequency (GHz)

Figure 12 IE3D simulation of the magnitude of Sgmaeters showing equal power
splitting
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Figure 13 IE3D simulation of the phase differentéhe differential output ports

The simulation shows the power splitting betwela® two output ports and the
two output signals are differential (180 degrees) af phase over a broad frequency

range.
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The testing of the circuit board shown in Figurke dresents challenges. SMA
connectors are used for measurements. As a regiitport requires a transmission line
extension and proper de-embedding is needed taatxtne S- parameters. A metal is
added to the backside of the substrate to act egtbund for the SMA connectors.
Figure 14 shows the comparison of the two-portuiirhen the output two terminals are
treated as one port. The comparison is fair betwleemeasurement and simulation.

For Balun the circuit is 3-terminal device whehe tnput is a single end port and
ports 2 and 3 are differential ports. The differ@nport signals (2 and 3) are identical in
magnitude but different in phase by 180 degree®. thhee port circuit parameters are
measured using a network analyzer where only twb-gonnection is available.
Complete three-port Z-matrix is obtained by perfioignthe two-port measurement three
times and in each time one of the ports is operuited in alternation. The input voltage
is normalized to 1 and the output (at the secondaniyages are the open circuit voltages.
In practice either LNA or PA is high impedance &hd open circuit voltage is close the
actual value.

Frequency response of voltage transformation fpyimary to secondary from
measurements are shown in Figures 15 and 16 aw,delovoltage ratio and differential

phase respectively.
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Figure 16 Frequency response of the transformeagelratio of the designed on-chip
balun
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Differential phase response at the output is olesemwn Figure 16. A better
measurement approach which is under pursue is & ams wafer direct 3 port
measurement to remove the effect of the SMA and liee to each port.

Transformer voltage ratio show good balance atlifierential output ports upto
1.9 GHz. Note that the design voltage ratio is 1.8at 1.9GHz (1 to 3 if it is single end
to single end). The measured voltage ratio is atdus at 1.83GHz. The performance is

satisfactory.



CONCLUSIONS

This paper presents the hybrid of two break-thhongvel designs employed to
obtain an efficient size reduction in the propose@tamaterial ultra slow-wave
transmission line transformer/Balun as well asaife operation at higher frequencies.
The first technique is to use a DC isolated plantrconnected transmission lines to
obtain the performance as that of a conventiormaisfiormer as well electrical isolation
for the use of TLT as balun. The second techniguenmployed to reduce the Balun size
to considerable area as low as 10mm by 6 mm wilsoklactrically very small when
compared with the guided wavelength 160 mm at 12AGHis technique uses the 3-
layer 3-D metallization on a FR-4 substrate of B@B layout which results in high
densities in which loadings are wound into thredammlkayers (two di-electric layers to
increase the slow-wave factor dramatically. In casit to the Marchand Baluns the
proposed Balun is DC short in the primary and Ddlaied in the primary and secondary.
The two differential output-ports are next to eatler but at different layers.

A balun prototype was designed, fabricated astétefor 1.9 GHz. Two quarter-
wave metamaterial inter-connected lines of 50 ohnd &5 ohm characteristic
impedances each interconnected with vias are uskx the Balun. The test results show

good Balun performance.
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This thesis showed one of the many design apprsacduweards designing highly
dense and compact fabrication of the RF componiarttee SOC and RFIC realizations.
Ultimate goal is to however design many other RFponents using multilayer substrate
technology with greater and novel size reductiochtégques and also for efficient

operation at much higher frequencies.
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