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Abstract

This thesis examines the suitability of the loop antenna for use as a compact radiating
element. The derivation of the loop equation is reviewed, and a summary of the
significant research on the electrically large loop antenna over the past century is
presented. The theoretical radiation efficiency for the electrically large loop is derived.
This analysis shows that the radiation efficiency of the loop antenna is drastically
improved by increasing the electrical size of the loop. The theoretical input impedance is
used to calculate the quality factor and bandwidth of the tuned loop antenna, and a
suitable impedance matching technique is presented to attain this bandwidth. Several
loop antennas were constructed, and a Wheeler cap was used to measure the radiation
efficiency of these antennas. This measured radiation efficiency is shown to agree

reasonably well with the theoretically predicted values.
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Chapter 1

Introduction

Modern integrated circuit technology has advanced to the point where single chip
digital transceivers can transmit power levels in excess of 10dBm and have receive
sensitivities on the order of -115dBm'. These transceivers, combined with low-power
microprocessors, form the building blocks of compact wireless tags capable of intra-tag
communication over hundreds of meters. Tag to base-station ranges can be even greater
with high-gain antenna arrays and more sophisticated digital signal processing available
at the base-station. Examples of these systems include wireless sensor networks,
implanted and external wireless medical devices, and wireless monitoring at home and in

industry.

The battery and antenna are typically the limiting factors in the physical size of
compact wireless tags. A compact antenna with high radiation efficiency maximizes the
system performance while reducing demands on the battery, allowing further reduction in

physical size.

The planar shape of the loop antenna makes it ideal for use as a compact antenna,
however, like most other compact antennas, the electrically small loop suffers from poor

radiation efficiency. Owing to this poor radiation efficiencys, it has traditionally been

' Examples include Analog Device’s AD7020 transceiver and Integration Associates’ IA4420 transceiver.

1
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CHAPTER 1. INTRODUCTION 2

limited to applications that are low-range, low data-rate communications or receive only

systems such as pagers and AM radio.

The loop antenna is especially suitable for implanted wireless communications
because its magnetic dominated near fields do not experience the same degree of tissue

loading as do compact electric antennas.

This thesis examines the loop antenna as a compact antenna. It investigates how
the radiation efficiency of a loop antenna is drastically improved by increasing the
electrical size beyond the small loop threshold. The small loop threshold is normally

defined by setting the normalized perimeter,

P
-£ 1.1
Pi=7 (1.1)

where p 1s the perimeter of the loop and A is the electromagnetic wavelength, to be one-
third. The focus of this work is the region between the electrically small loop and the
one-wavelength loop. The theoretical radiation efficiency at the upper end of this region
will be shown to approach unity. The author has not been able to find previous work that

specifically characterises this improvement in radiation efficiency.

Much information on the small loop antenna is readily available; however, it is of
little use if an efficient antenna is needed, and most existing work on the electrically large
loop antenna is overly academic and mathematically complex. A significant contribution
of this work is extracting and assembling information beneficial to the practicing
engineer from close to a century of academic study on the electrically large loop. Input
impedance, appropriate impedance matching networks, and resulting tuned bandwidth are

all considered.

Several thin-wire loops were built to confirm the predicted theoretical behaviour.
Although rare, other authors have published measurements of the input impedance of

electrically large loops. The radiation efficiency of these loops was also measured using

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION 3

the Wheeler cap technique. Similar measurements of radiation efficiency are not

available in the literature.

Finally, the development and testing of a compact loop antenna for use in a
compact RF tag is covered, and the design of this antenna utilises many of the concepts
from the other chapters. Measurements of input impedance, tuned bandwidth, radiation
patterns, and radiation efficiency are presented and compared with predicted values from

numerical simulations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2

Existing Theoretical Analysis

The first documented theoretical analysis of the electrically large thin-wire loop antenna
is Pocklington’s work (1897) who studied the receiving properties of such a loop [1].
Over a century has passed since this initial consideration of the electrically large loop,
and in that time a huge amount of work has been contributed by many different authors;
however, only a handful of these papers contribute a truly fundamental new development.
The purpose of this chapter is to review key developments, and extract information

relative to our interest in the compact loop antenna from previous work.

2.1 Loop Antenna Dimensions

Most of the academic work on the electrically large loop antenna is restricted to
the thin-wire loop: a loop made from wire with a circular cross-section. The loop

thickness factor,

Q=21n(-2ﬂ), @2.1)

a

1s commonly used in the literature to quantify the relative thickness of the loop conductor
to the radius of the loop, where the dimensions a and b are shown in fig. 2.1. The

thickness factor and normalized perimeter completely describe the electromagnetic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2. EXISTING THEORETICAL ANALYSIS 5

radiation characteristics of the loop. Absolute dimensions are required only if ohmic

losses need to be considered.

Figure 2.1: Thin-wire loop dimensions.

The three theoretical loops, given in table 2.1, are considered throughout the
second and third chapters of this thesis. All three loops have the same perimeter, but a
different thickness factor. Loop one, with a thickness factor of 8, is considered a thick-
wire loop, whereas loop three, with a thickness factor of 12, is considered a thin-wire
loop. These choices allow changes in loop thickness factor to be quantitatively analyzed

independent from other parameters

Table 2.1:  Loop dimensions of the three theoretical loops.

a (mm) | b (mm) | p (mm) | Q
Loop1 | 2.3 20 125.7 8
Loop 2 | 0.85 20 125.7 10
Loop 3 | 0.31 20 125.7 12

2.2 Small Loop Theory

Small loop theory is well established and is covered in most of the classic

introductory antenna textbooks [2], [3], and [4]. It assumes a uniform current distribution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2. EXISTING THEORETICAL ANALYSIS 6

along the length of the antenna, but as the frequency increases, the wavelength becomes

comparable to the length of the antenna, and this assumption is no longer valid. Beyond
this threshold the small loop equations no longer accurately describe the electromagnetic
behaviour of the loop. The small loop threshold is generally accepted to be a normalized

loop perimeter, p, somewhere between one tenth and one third®.

Small loop radiation resistance,
R, =20(k*4), 2.2)

is dependent on only the wavenumber, k, and cross-sectional area, 4, of the loop [3]. A
more convenient form for a circular loop is obtained by expressing the area in terms of

the normalized loop perimeter

R, =20(zp2) . 2.3)

R, =2—’;\/-£—Z’, (2.4)

is derived from skin depth equations [5]. Unlike radiation resistance, ohmic loss depends

The expression for ohmic loss,

on the wavelength and the physical size of the loop, as shown by re-arranging (2.4)
fﬂ
2a \ orx

R
77=¢7 (2.6)
R, +R,

ra

Radiation efficiency,

is expressed in terms of both ohmic loss and radiation loss.

2 There is some disagreement amongst the classic antenna texts about the small loop threshold; Krauss
gives 0.33, Stutzman gives 0.3, and Balanis gives 0.1 [2], [3], [4].
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CHAPTER 2. EXISTING THEORETICAL ANALYSIS 7

The resulting efficiencies of the three theoretical loops are shown in fig. 2.2.
These curves are generated using small loop theory, and as previously discussed, become

less accurate with increasing electrical size, particularly beyond the small loop threshold.

Efficiency, dB

0 i L i i H H L H
0 005 01 015 02 025 03 035 04 045 05
Normalized Perimeter (p ,1)

Figure 2.2: Small loop radiation efficiency for various loop thickness factors.

Fig. 2.2 highlights two important properties: first, increasing the thickness of the
conductor reduces ohmic loss, and the overall efficiency improves; secondly, the small

loop antenna is an extremely poor radiator.

2.3 The Loop Equation

Hallén (1938) was the first to consider an electrically large driven (transmitting)
loop [6]. Using fundamental electromagnetic techniques he arrived at a single integral
equation, the so called “loop equation”, which completely describes the current on a thin-
wire loop of arbitrary electrical size. His paper begins with Maxwell’s equations and
treats the loop as a special case of a more general problem, and as a result, the paper is
lengthy and difficult to follow. Additionally, written almost 70 years ago, this paper uses

a technical nomenclature significantly different than that in the modern literature making

the mathematics even more difficult to follow.
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CHAPTER 2. EXISTING THEORETICAL ANALYSIS 8

With the loop equation, solving for current distribution on a thin-wire loop
becomes essentially a mathematics problem. Most subsequent authors do not include a
derivation of the loop equation, and instead use this equation as a starting point for
further analysis. Some authors include the derivation, but offer only a compressed
version that is difficult to follow without prior knowledge of the subject, and none
convey all of the assumptions and simplifications necessary to fully understand the
underlying electromagnetic principles. After reviewing the available literature, the author
was unsatisfied with any of the available proofs and constructed the following proof with
help from several sources from two pioneers of this field, R. P. W. King and S. Adachi
[13], [16], [49].

The fundamental relation,
E(¢)=-VO(9)- jwd(4), 2.7)

where @ is the electric potential and 4 is the vector magnetic potential, gives the electric
field intensity at any point in space as the sum of contributions from electric current (via
vector magnetic potential) and non-zero charge densities (via electric potential). For
now, we are interested only in the electric field on the surface of the loop. This
expression is the starting point for analysis of the thin-wire loop, and the bulk of the
derivation is solving and manipulating the potential functions. Note that the

electromagnetic variables are treated as time-harmonic phasor quantities.

The delta function generator is an electromagnetic abstraction commonly used to
simplify the feed mechanism for the theoretical analysis of thin-wire antennas. It defines
the electric field as zero everywhere along the surface of the antenna except across an
infinitesimal gap at the feed, stated mathematically as

7,6(¢)

E, (¢)=— P (2.8)

where V) is the electric potential applied across the gap.
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Several key assumptions must be stated before continuing. An ideal conductor is
assumed, so all currents and free-charges are constrained to the surface of the loop. A
thin-wire loop is assumed, where the thin-wire loop criteria is stated mathematically as
a® << b* and (ka)® << 1. As a result, the surface current and free charge densities are both
assumed to have uniform radial distribution around the cross-section of the conductor.

Finally, the current is assumed to have only components in the phi, g, direction.

The free-charge density, p(¢’) , can now be replaced with an equivalent charge
per unit length, g(¢')=(27a) p(¢'), and the surface current density, J(¢'), is replaced
with total current, 7 (¢')=(27a)J (¢').

The electric (scalar) potential,

q(¢) e as’, 2.9)

1
*@)= dre IS’ 2ra R

is based on a differential surface instead of a differential volume, and requires evaluation
of the radius, R, shown in fig. 2.3, from the elemental surface at ¢’ to the observation
point on the surface of the loop at g. If the radius is much larger than the thickness of the

loop, the latter can be neglected and the approximation

R =[2b> —2b% cos(¢' — §) =, |4b” sin’ (ﬁ—z——é) (2.10)

is used.
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6 — funetion
generator

Figure 2.3: Loop geometry for large radius vector, R.

For small R, the loop can be approximated as illustrated in fig. 2.4.

Figure 2.4: Loop geometry for small radius vector, R.

The curvature of the loop is ignored in this case, and the desired radius is the combination

of two orthogonal components: 7 = \/4[72 sin’ (¢—2_¢—)) ,and d = |4a’ sin’ (%) :
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The resulting general expression
R=~Nr’+d’ =\/4bzsm [('75 ¢j+4azsinz(%j (2.11)

is valid for both cases (small and large R), and the expression for electric potential is

now

1 $=x y=x —ij

D(p) =—— j j

dre

(a-dy)(b-dg'). (2.12)

Note, the differential surface in (2.12) has been expanded as a product of two differential

lengths.
The kernel function

— JkR

W (p-¢)= j— dy 213)

is commonly used in the literature, and simplifies the scalar potential as
17
o) =— [ a@W(p-¢)dp. (2.14)

per

The vector magnetic potential uses the same Green’s function as the electric

potential, but the magnetic potential is more complicated because of its vector nature.

The current vector at the differential surface, dS’, is expressed in terms of the

cylindrical unit vectors 7, (¢') and I, (¢'). The matrix identity

I.(¢) _ [cos ¢ —sin ¢’ji I.(¢) 2.15)
1, (¢5’) sing’  cosg’ || I, ((15')
converts this current vector from cylindrical to cartesian coordinates, and the inverse

matrix operation
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o S

returns them to cylindrical coordinates - referenced now to unit vectors at the observation
point at g, not at the differential surface at . Owing to the symmetry of the loop, only
the o component of vector potential,

1, (4) e

as’, 2.17
2za R ( )

A=

A7 §

needs to be considered. The # component of the current is found from the matrix

identities as I, (¢') = cos(¢ —¢")I, (#'), and the resulting magnetic potential is

P=n
4,@) =L [ 1,@W (9-¢')cos(¢-4)dg (2.18)
4z .2

Additional manipulations are needed before the potential functions can be
substituted into the fundamental relation given in (2.7). The time-harmonic equation of
continuity [43],

:La]w(ﬁb’)
wb  of

q(¢') ) (2.19)

relates electric charge to electrical current, and is used here to remove the surface charge

distribution from the expression for electric potential

LT
D= wa sy " (#=9)dg. (2.20)

Equation (2.7) requires the partial spatial derivative of the electric potential. Leibitz’s

rule is used to find the derivative of the integral expression for electric potential

law@) o FoL o
Vo (g)=- EyP— ¢j o0 {6¢W(¢ ¢)}d¢. (2.21)
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The identity %l;i =— 2—2/, , provided by King, is used to re-arrange this differential

expression,
YA [ o
J [4 ' '
Vo =— —Wi(o- de'. 2.22
(#) drewb’ ¢/=L o¢' {6(&' (¢=¢ )} ? (2:22)
;Y____J
g(¢)
Given the condition I, (¢') g (¢') Z:{ =0, integration by parts reduces to
¢=r a[ ) (¢I) ¢'=n ag(¢l)
1] ' ' ' '
L g(#)dd =- | 1,(¢ —de, (2.23)
¢I o £¥) ¢J )75

and is used to rearrange (2.22) into a form more easily combined with the expression for

magnetic potential (2.18)

1ov@)_ j e Ny
= = I, —W(¢- dg'. 2.24
b 3 4mb2¢,L o)1 55 W (9=9) o (224)
Finally, the free-space electromagnetic relations &, = ’u—;’ and w = 1ok are used
M, Hy

to arrive at the familiar form of the loop equation

. ¢'=n 2
V;5(¢)=i4’-7ﬂi f I¢,(¢’){$£—¢,+kobcos(¢—¢’)}W(¢—¢’)d¢’. (2.25)
@' = o

This integral equation completely describes the current distribution on the voltage driven

thin-wire loop, and the only unknown is the current itself.
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2.4 Solving the Loop Equation

The loop equation was first derived by Hallén. He was also the first to attempt to

solve this equation using a Fourier series expansion to describe the current distribution

1) = ﬂz[i+ 251&('1@} (2.26)

Ny a, 1

n

The mathematical process of determining the current distribution, and in turn the Fourier
coefficients, a,, that satisfy the loop equation (2.25) 1s extremely difficult, and Hallén
was unable to find an expression for the coefficients that resulted in a convergent series.

Note that the Fourier coefficients, a,, should not be confused with the wire radius, a.

Nearly twenty years later (1956), Storer was the first to successfully find a
solution for the Fourier coefficients and numerically calculate the resulting current
distributions and input impedance for various loops [7]. Once the current distribution is

found, the input admittance, and input impedance, easily follows as

y, =10 =“_f(i+22—1—j. (2.27)
Vo m7\a, Ta,

His approach truncated the series at five terms and replaced the rest of the terms with an

equivalent integral.

In the same year, Kennedy published the first documented electrically large loop
antenna input impedance measurements [8]. Using a half-loop over an image plane she
measured the current distribution by physical probing and estimated the resulting
admittance of a loop with thickness factor & = 11. Despite admitted shortcomings in her
impedance measurements, the measured conductance is in quite good agreement with
Storer’s theoretical value; however, there is a greater discrepancy between the measured

and theoretical susceptances.
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In 1962 T.T. Wu published what is now the accepted technique for determining
the Fourier coefficients [9]. His brief paper questions the validity of Storer’s approach,
and presents an alternative mathematical procedure to obtain the Fourier coefficients, but
does not calculate the resulting impedances. By considering the thickness of the
conductor in more detail, Wu’s derivation of the Green’s function is more general than

those previously considered.

King et. al released series of papers in 1963, 1964 and 1965 investigating the
properties of a driven circular thin-wire loop immersed in a dissipative medium [10],
[11], [12]. The second paper is the first to calculate current distributions and resulting
impedances using Wu’s approach. King calculated the admittance as a function of the
number of Fourier terms to a maximum of twenty terms. His results showed that the
conductance quickly converges with 8 terms included in the series; however, the
susceptance continues to increase with the number of terms. The rate of increase is more
pronounced for thicker loops (2 < 10) and for larger electrical sizes. He noted the
conductance is very similar to Storer’s results, which had already been shown to agree
well with Kennedy’s experimental data. The susceptance has more significant
differences when compared with Storer’s results, but the comparison isn’t as meaningful

since Storer’s susceptance did not agree well with measurements.

King also made some key observations about the voltage delta-function generator
which is purely a mathematical abstraction, and is unrealizable in practice. While it
results in an accurate prediction of the current distribution and conductance, the
infinitesimally small feed gap results in an infinite susceptance. As a result of the
limitations of the delta-function generator, King makes the following conclusions on
Wu’s technique: “These results indicate that a Fourier Series solution in which 20 terms
are retained is satisfactory for determining the admittance of thin-wire loops (€ =10) that
are not too large (3d <2.5)”; and “The approximation is excellent for the conductance,

somewhat less accurate for the susceptance”.
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G. S. Smith continued to work on loop antennas in homogeneous matter
throughout the 1970s, and included some research on measuring the radiation resistance
of loops with a wheeler cap [14], [15], [42]. Smith and King’s work on loops in lossy
matter are excellent references for embedded loop antennas [16]. This topic has recently
showed renewed academic interest with the advent of surgically implanted wireless

medical devices.

Interestingly, most of this research on loop antennas stems from Harvard

University where Storer, King, Wu and Smith were all either faculty or graduate students.

In more recent literature, Zhou and Smith (1991) circumvent the susceptance
problems associated with a delta-function generator by considering a coaxial fed loop
antenna over an infinite image plane [18]. They model the coaxial feed as a magnetic
frill which impresses a driving current onto a full loop and add a correction term to Wu’s
solution. Their measured impedances are in remarkable agreement with their

theoretically predicted impedances.

Finally, the work of S. Adachi and Y. Mushiake should be included in this brief
review. They published three papers in 1957 that formed a complete and concise analysis
of the electrically large loop antenna. The first paper derives an alternate form of the
loop equation [49], and following some simplifications, derives a closed form solution for
the current distribution. The second paper calculates various electrical properties of the
loop based on the current distribution obtained from the original paper [50], and the third
paper considers a loop antenna parallel to a ground plane forming a more directional
antenna [51]. Strangely, references to this work in the modern literature are scarce even

though Adachi continued to publish research on the loop well into the 1970s.
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2.5 Radiation Fields

This thesis does not examine theoretical expressions for the radiation fields of a
loop antenna; however, much work has been done on the subject and a brief review of the

available literature is included here.

The first authors to consider the radiation field of the electrically large thin-wire
loop were Sherman (1944) and Glinski (1947) [19], [20]. Both authors used assumptions
for the current distribution on the loop because these papers were published before the
current distribution problem had been solved. Sherman assumed a sinusoidal current
distribution, and Glinski used a transmission line as a model for the current distribution
on a loop. Following these original papers, Martin (1960) expanded on the sinusoidal
distribution, and Lindsay (1960) expanded on the transmission line model distribution

[21], [22].

Rao (1968) was the first to numerically calculate the far-field patterns of the loop

antenna using the Fourier series current distribution [23].

Much of the recent research on loop antennas deals with analytical calculations of
the radiation field using the Fourier series current distribution [24], [25], [28], and in
particular, exact expressions for the more complicated near-fields. This subject is of
interest because of SAR (specific absorption rate) concerns with implanted antennas and

antennas used in close proximity to the human body.
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Chapter 3

Theoretical Results

The current distribution on a thin-wire antenna determines practically all other
properties of interest such as input impedance, radiation efficiency, far-field patterns, and
quality factor and tuned bandwidth. The King / Wu solution for the Fourier coefficients,

an, 1s used throughout this chapter to describe the current distribution,

L= [ 2ZC°S "¢)j G.1)

0

for the three loops presented in section 2.1. The expressions for the Fourier coefficients
are tedious, and must be evaluated numerically. Readers are referred to several

references for a succinct overview of the Fourier coefficient evaluation [9], [18].

3.1 Current Distribution

Fig. 3.1 shows both the Fourier series current distribution and the sinusoidal

current distribution given by

1,(9) =1, cos(kb(¢ — 7)) 3.2)
18
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Both solutions result in a standing current wave around the loop with a maximum
located 180 degrees from the feed location regardless of the electrical size of the loop.
This maxima must be located at the mid-point of the loop to maintain a symmetric
current distribution with respect to the feed location. Using the equation of continuity
(2.19), this standing wave current distribution can be shown to produce a similar surface

charge distribution.

Fourier Solution

L e Sinusoidal Approx. |/
6
e 5t / 1
N ife—— p=1
il ‘
=~ Y / i\ /
3r / 4 =1/
2 ANY A p=3n
1t I .
L =172
0 A ¥ TIAL
0 1 2 3 4 5 6
¢, radians

Figure 3.1: Thin-wire loop current distribution from the Fourier series approximation and from
the sinusoidal approximation for loop two (2 =10).

The sinusoidal approximation and the Fourier series solution tend to differ at the
driving point of the antenna. The input impedance is dependent on the current
distribution at the feed of the antenna, so the sinusoidal approximation is not well suited

to determining input impedances.

Fig. 3.2 shows the Fourier coefficients for the quarter wavelength loop,
pr=1/4, and the one wavelength loop, py= 1. The fundamental component, a;, is
dominant for one wavelength loop, but for smaller loops the electrical size is less than the

wavelength of this harmonic, and the uniform current component, ay, is dominant.
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Figure 3.2: First twenty Fourier coefficients, a,, for loop two at two different electrical sizes.

The thin-wire loop criteria was stated as a” << b* and (ka)* << 1, and accordingly
the current is assumed to be uniformly distributed around the perimeter of the conductor

as shown in fig. 3.3.

- —r

Figure 3.3: Uniform cross-sectional current distribution.

Balzano and Siwiak (1987) added a second dimension of basis functions,
orthogonal to the plane of the loop, to the existing Fourier basis functions [17]. Using
just two harmonics in this new direction, the distribution of the current around the cross-
section of the conductor is investigated, and the thin-wire loop assumption is no longer

required.

The current density is now a function of two angular dimensions (g, ¥)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3. THEORETICAL RESULTS 21

o0

J(h,2)=> i 4,,&"F (z). (3.3)

N==00 (f=-—00

The two remaining assumptions are: first, the wire diameter is much smaller than

one wavelength; and second, current is restricted to the phi direction.

Balzano constructed two loops, a thin-wire loop with thickness factor =11, and
a thick-wire loop with @ = 9. He measured the magnetic and electric field magnitudes in
the vicinity of the loops and found that the measurements agreed reasonably well his
theoretically calculated field strengths. Perhaps more interestingly, he observed from

both theoretical analysis and measurements that the current density around the cross-

section of the conductor varies approximately as J,(4,y) ~ J,(4,b,%a)J, (v), where the

radial distribution around the cross-section of the wire,

J, (v) S (3.4)

a >
1+—
, Cosw)

is independent of the angle ¢. Fig. 3.4 shows the cross-sectional current density

distribution resulting from (3.4).

This relationship combined with the results of previous analysis gives

J(¢,I//)~I¢(¢) L (3.5)
2ma 1+—gcos(x//)
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J(y), normalized
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0
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y, radians

Figure 3.4: Non-uniform cross-sectional current distribution for various loop thickness factors.

The variation for the loops € = 10 and @ = 12 is less than five percent and they
can be classified as thin-wire loops. The loops less with a thickness factor less than 10
show more significant variation and should be classified as thick-wire loops. As the
thickness factor increases, fig. 3.4 shows a concentration of current on the inside edge of

the loop at =z . This is an intuitive result because the inside edge provides the path of

least inductance.

3.2 Radiation Efficiency

One of the primary drawbacks of the small loop antenna is poor radiation
efficiency. The radiation efficiency of an electrically small loop can easily be calculated
using small loop theory as in section 2.2; however, for an electrically large loop the
Fourier series current distribution must be used. Additionally, if the loop doesn’t qualify

as a thin-wire loop, the cross-sectional distribution from section 3.1 must be considered.

The Fourier series current distribution was derived with the assumption of a
lossless conductor, but finite conductance is inherently implied by considering radiation

efficiency. A key initial assumption is that the finite conductivity of the loop material
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does not significantly alter this distribution. This assumption should be valid for the

highly conductive metals used in the construction of antennas.

The current is no longer restricted to the surface of the conductor, but is treated as

having a uniform radial distribution from the surface of the conductor to a skin depth of

1
5= /ﬂfau’ (3.6)

as 1s illustrated in fig. 3.5.

Figure 3.5: Cross-sectional current distribution and skin depth for finite conductance loop
conductor.

The previously derived expressions for current density must be changed from a

surface current (4/m) to an equivalent current density (4/m?), and the resulting

current density is

J(g)atle®) ] (3.7)

0 2ma 1+ % cos(y)

The ohmic power loss is found by integrating the current density over the volume

of the loop

1 2
P, =35} J(pw)| dv. (3.8)
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The differential volume in (3.8) can be expressed as dV = 5(a . dt//)(b . d¢) ,

which allows the volume integral to be broken up into two independent one-dimensional

integrals

=7

a-dg
a

1 =27 5
fo= 206 (27a)’ jj:o 2 J: I(g)[ b-dg. (3.9)
(1+BCOSWJ

The first integral in (3.9) can be evaluated analytically, and the resulting expression for

ohmic loss 1s

1 1 J;v=7r 2
= I(g) b-dg. (3.10)
806 (na)’ AR ( )'
s
The radiated power is found from the input impedance of the lossless loop,
1y.,p2
B =5 lin| Rins (3.11)
and the radiation efficiency is
n= ———P""’— (3.12)
Prad + PQ

Fig. 3.6 shows the radiation efficiency for the three theoretical loops calculated
using (3.10) to (3.12) and the Fourier series current distribution. Small loop radiation
efficiency is also shown for reference. Surprisingly, small loop theory provides a very

good lower bound on radiation efficiency, even for the electrically large loop.
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Figure 3.6: Theoretically derived radiation efficiency of the three theoretical loops. The radiation
efficiency calculated using small loop theory is included for reference.

Clearly, the radiation efficiency of a small loop can be drastically improved by
increasing the electrical size. Each of the loops considered here has an efficiency loss of

less than -0.5 dB when the loop is half a wavelength in perimeter.

Radiation efficient at lower frequencies can be improved by using thicker loops.
For example, a loop with thickness factor 2 = 8 still shows good efficiency for a

normalized perimeter, p), of 0.2.

The PIFA (planar inverted F antenna) is the currently favoured low-profile
compact element. The air substrate PIFA must have dimensions of roughly one-quarter
wavelength by one-half wavelength, and requires a ground plane with dimensions of

roughly one wavelength. As an alternative, consider a circular loop with perimeter of

) o . A .
half-wavelength. The diameter of this circular antenna 152— , demonstrating that the
/4

loop is hard to beat for an efficient and compact planar antenna.
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3.3 Input Impedance

The input admittance is easily calculated from the Fourier series current
distribution as given in (2.27). Fig. 3.7 shows the resulting input admittance for the three
theoretical loops. The loop thickness factor influences both the conductance and
susceptance. The rapid increase in conductance with electrical size reflects the
conclusions from the previous chapter that as the electrical size increases the loop

becomes a more effective radiator.

I a— Susceptance |
Conductance

[T ] - N
T Y v

g 5 " =10 25 g
? B =12 K 5
2 6t 15 %
-8} 11
10+ 10.5
R ' : 0
0 0.2 0.4 0.6 0.8 1

Normalized Perimeter (p,)

Figure 3.7: Input admittance for the three theoretical loops calculated using the Fourier series
current distribution.

The input impedance of the three loops, shown in figs. 3.8 and 3.9, is calculated
by taking the inverse of the admittance. The first anti-resonance occurs at a normalized
perimeter of close to one-half, depending on the loop thickness factor, and the first
resonance occurs near a perimeter of one wavelength. The location of both is important

when considering impedance matching.
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Figure 3.8: Input resistance for the three theoretical loops calculated using the Fourier series
current distribution.
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Figure 3.9: Input reactance for the three theoretical loops calculated using the Fourier series
current distribution.

As previously mentioned in section 2.2, there is some disagreement about the
location of the small loop threshold. One measure of this location is the difference
between the small loop input resistance and the input resistance obtained from the Fourier

series current expansion, shown in Fig. 3.10 for loop two.
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Figure 3.10: Input resistance comparison between small loop theory and an electrically large loop
described using the Fourier series current expansion.

For a normalized loop perimeter of one-tenth of a wavelength, the difference
between the two resistances is already greater than ten percent, suggesting for

conservative estimates the lowest threshold (one-tenth of a wavelength) is appropriate.

3.4 Quality Factor, Bandwidth, and Impedance Matching

The quality factor, Q, in the context of antenna theory, is defined as the ratio of
time averaged stored energy in the electric and magnetic near-fields to far-field radiated
power

o(W,+W,)

0=—"1— (3.13)

rad

Quality factor is an important concept because it predicts the potential bandwidth
of the resonated antenna, and is a convenient figure of merit to compare the performance

of different antennas.
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Best and Yaghjian have recently published a new technique to find the quality
factor of the tuned antenna shown in fig. 3.11 [29]. The antenna is tuned to resonance
with the lossless series matching element, X(w), and here the loop input reactance is
assumed to be capacitive, so the series reactive element is inductive. The tuned antenna
is fed with a transmission line where ay(w ) is the incident power wave and I'y(®) is the
input reflection coefficient. This approach solves problems experienced with previous
techniques near anti-resonance frequencies, and since the loop antenna is anti-resonant at

certain frequencies, this approach is well suited to the loop.

o X(w)

Z,(w) =R(w) +jXa(w)

Fy(w)

Figure 3.11: Tuned antenna with transmission line feed structure.

The quality factor is found from the input impedance of the tuned antenna

0, (0) ===z (). (3.14)

2R, ()
The subscript z highlights that input impedance is used, whereas previous techniques

used only the input reactance.

Fig 3.12 shows the tuned quality factor for three loops. The fundamental lower

limit for a single-mode antenna,

1 1

0= (ka)3 Tka

(3.15)

is also shown [31]. The slight kink in the curves is an artefact of the numerical treatment.
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Figure 3.12: Theoretically predicted loop radiation quality factor. The single-mode fundamental
limit is included for comparison.

The tuned quality factor in fig. 3.12 is for a lossless loop (infinite conductivity).
A loop with finite conductivity will behave differently in the small loop region where the

ohmic resistance is much greater than the radiation resistance.
The input power to the antenna is

B=
27,

la, (o) [1 -Ir, (a))ﬂ. (3.16)

Best and Yaghjian, among others, showed that the half-power bandwidth of a tuned
antenna, defined from the input reflection coefficient, can be approximated from the

quality factor as

FBW, =2, (3.17)
0

z

where FBW denotes fractional bandwidth normalized by the resonant frequency of the
tuned antenna. This bandwidth definition assumes the characteristic impedance of the

transmission line, Z;, is equal to the input resistance at resonance, R,(w,), of the tuned
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antenna, and presents a problem since 50 ohms is the generally accepted RF standard

characteristic impedance.

Fig 3.13 shows the theoretical half-power fractional bandwidth predicted by

(3.17) for three loop antennas.

10

100 ¢

107}

Fractional Bandwidth

107}

l 0-4 1 1. 1 1
0 0.2 0.4 0.6 0.8 1
Normalized Perimeter (p z)

Figure 3.13: Theoretical tuned bandwidth for the three theoretical loop antennas.

The bandwidth of the antennas improves with increasing electrical size, and to a lesser

extent, with increasing loop thickness factor.

To illustrate these concepts, consider loop two tuned to resonance at a normalized
perimeter of 0.6, or equivalently 1.43GHz. The predicted input impedance is 110.7 —
J791.4 ohms with a resonated quality factor of 19.0. Following (3.17), the predicted half-
power bandwidth is 150.5MHz.

To confirm this prediction, fig. 3.14 shows the input reflection coefficient for the
transmission line fed tuned antenna shown in fig. 3.11 with an 87.9 nH series inductor.
This reflection coefficient was calculated numerically using the theoretical input
impedance and simple circuit theory. Two characteristic impedances are considered:

first, equal to the input resistance at resonance, R,(w,); and second, 50 ohms. The graph
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is a function of frequency instead of normalized perimeter to facilitate bandwidth

estimates.

' 1 ] i '
h e W N =
T T T T T

'
N

Ze =50 ohms

+——— Zu = Ro(w,)

1 1.1 1.2 13 14 15 16 17 1.8 19 2
Frequency, GHz

Figure 3.14: Input reflection coefficient and bandwidth of the example tuned loop.

The half-power bandwidth for the matched system, estimated from fig. 3.14, is
153MHz — very close to the predicted bandwidth of 150.5 MHz, and is considered the
maximal bandwidth. The second curve shows significantly lower bandwidth as a result
of the mismatch between the transmission line 50 ohm impedance and the input
impedance of the tuned antenna. A matching network is needed to transform the tuned
antenna input resistance to 50 ohms to optimize the bandwidth to that of the tuned

system.

The motivation of this thesis is the loop as a compact element, so transmission
line matching schemes are excluded since the required transmission line lengths would be
similar to the overall length of the antenna. Discrete passive elements will introduce
some ohmic loss into the system, but the improvement in power transfer and bandwidth,

as well as the compactness, justify the additional loss.

Fig. 3.15 shows the topology for a two-element step-up matching network used

when the input resistance of the antenna, R,, is greater than the desired input resistance,
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R;,, of 50 ohms. Reversing the order of the matching elements yields the step-down

topology needed if the input resistance of the antenna is less than 50 ohms.

0,

Zin = Rin i X 2 Ra(w)

Figure 3.15: Two-element step-up matching network topology (R, > R;,).

Design of the matching network begins with the impedance transform ratio,

n=Bu(@) (3.18)

Rin (a)O ) ’
which determines all other parameters for a two-element matching network [35]. The
concept of nodal quality factor, O, is used extensively in matching network design [36],
[37]. For a two-element matching network, the nodal quality factor is determined

exclusively from the desired impedance transform ratio as
0, =vn-1. (3.19)

Nodal quality factor is defined as the ratio between the reactive and real

components of the unloaded input impedance at any node of a matching network,

|X|_ R, _
R, |X,]

m

0, (3.20)

and the reactance values, .X; and X, follow from this definition.

The matching elements X; and X, must be opposite polarity, otherwise the choice
is arbitrary. For this example the shunt element, X}, is chosen to be capacitive, and the

series element, X}, is chosen to be inductive.
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Fig. 3.16 shows the composite structure of a tuned antenna plus two-element

matching network.

_______.”"(w) Q Xi(w) Q.z Xi(w)
o— }-—¢—JYV\_-_ ;
L Xfw) Zo(w) = Rofw) + X, (@)
Z, =50 ohms ! !
o R ,
|—>~

l—};
T(w) To(w)

Figure 3.16: Composite structure: transmission line feed, two-element matching network, and tuned
loop antenna.

The nodal quality factor also directly determines the half-power loaded bandwidth

of a two-element matching network as

FBW =2 (3.21)

n
By adding additional elements, two at a time, this bandwidth can be increased; however,
the improvement comes with a cost of increased ohmic loss inherently present in discrete

components.

Following the procedure outlined above, the impedance transform ratio for the
tuned loop (loop two) relative to 50 ohms is 2.2, the nodal quality factor is 1.1, and the

required matching elements are a 6.1 nH series inductor and 1.1 pF shunt capacitor.

Note that both the nodal quality factor of the matching network (3.19) and the
quality factor of the tuned antenna in (3.14) are a measure of unloaded quality factor,
both fundamentally defined using the ratio of stored energy to dissipated energy, They
can be directly compared to estimate the bandwidth of the composite structure as shown

in fig. 3.17 for the example loop.
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Figure 3.17: Quality factor of the tuned loop and nodal quality factor of the matching network for
the example loop antenna, loop two.

The antenna quality factor is always the higher of the two, revealing that the tuned

antenna is the limiting factor in bandwidth, not the two-element matching network.

Fig. 3.18 shows the reflection coefficients of the composite structure, I';,(w), and
the original tuned antenna, I';(w). As expected, the matching network has no significant
effect on the bandwidth of the system. For this system, there is no advantage in using

additional elements in the matching network.
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Figure 3.18: Input reflection coefficient of the tuned antenna with and without the additional
matching network.

The loop antenna is a balanced system, which places additional practical
implementation requirements on the matching network. The matching network can be re-
distributed as shown in fig. 3.19 to achieve a balanced structure, where the input feed is

also required to be differential.

@) Qe xn % X
Oeeee] ‘_¢_NY\_____
LX) = Z(w) = R(w) + X, (w)
Z.;, =50 ohms ! !
O] I._o_fm__._
v X(w)I2 VX (w)2
’—> |—> (W)
Ii(w) I'y(w)

Figure 3.19: Composite structure with differential matching network and tuned antenna.
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Chapter 4

Loop Measurements

The loop is a balanced antenna and must be fed differentially to maintain a
symmetric current distribution. Modern vector network analyzers (VNA) connect to the
device under test with unbalanced coaxial cable. A balun is needed to properly match the
unbalanced coaxial cable to the balanced loop antenna, but most baluns are band-limited
and will restrict the bandwith of the measurement. Additionally, depending on the type
of balun employed, the effect of the balun on input impedance may be difficult to remove

from the measurement.

A half-loop on an image plane (ground plane) is a popular alternative used widely
in the literature because it provides an accurate measurement of the equivalent full loop
input impedance while avoiding the complications of a balun [8], [18]. Three half-loops

were built and measured using the set-up shown below in fig. 4.1.

2

N 2.26 m

\ 4

Figure 4.1: Half-loop impedance measurement setup.

37
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The square image plane has length and width of 2.26 meters, and the antennas are
fed from underneath the image plane with a flange mount SMA connector. The

dimensions of the three loops are summarized in table 4.1.

Table 4.1:  Loop dimensions of the three measured half-loops

a (mm) | b (mm) | p (mm) | Q
Loop 1 | 2.06 8.9 55.9 8
Loop 2 | 2.06 24.2 152.1 10
Loop 3 | 2.06 65.8 4134 12

Table 4.1 gives the perimeter of the equivalent full loop. The three image plane
loops cover the same span of thickness factor as the previous three theoretical loops. The
previous loops were all the same perimeter, and the diameter of the wire was varied to
achieve the desired loop thickness factor. To facilitate construction, the image plane
loops are built from the same gauge wire, and the perimeter of the loops is varied to

achieve the desired loop thickness factor.

The input impedance of the equivalent full loop is related to the impedance of the

half-loop by

Zloop (a))zzizhalf—loop (0)) (41)

There will be some diffraction effects in the measured impedance caused by the
finite image plane. When considering this diffraction, a circular image plane represents
the worst case scenario as the distance from the antenna to the edge of the image plane is
constant all around the perimeter of the image plane. As the wavelength decreases, the
measured impedance oscillates and asymptotically approaches the impedance of with an
infinite image plane. This distance is not constant for the square image plane and will

help to average this diffraction effect.
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The following VNA settings were used to obtain accurate measurements of the

untuned loops: 10 dBm output power, 10 kHz IF bandwidth, and time averaging factor

of 50. These settings maximise the signal to noise ratio (SNR) of the measurements.

4.1 Measured Impedances

Figs. 4.2 to 4.7 show the measured impedance of each of the three loops, and also

the theoretical impedance as calculated using the twenty term Fourier series expansion.

Measured
- Theoretical
4
10 ¢
@
£
-
(=]
g 10°
&
2
4
= 2
10 b e g e B G
]01 L i I ! i
0 0.2 0.4 0.6 0.8 1

Normalized Perimeter (p /1)

Figure 4.2: Measured and theoretical input resistance for loop one (¢ = 8).
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Figure 4.3: Measured and theoretical input reactance for loop one (2 = 8).
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Figure 4.4: Measured and theoretical input resistance for loop two ( =10).
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Figure 4.5: Measured and theoretical input reactance for loop twe (2 = 10).
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Figure 4.6: Measured and theoretical input resistance for loop three (¢ =12).
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Figure 4.7: Measured and theoretical input reactance for loop three (2 =12).

In general, the measured impedances agree well with the theoretically predicted
impedances; however, the anti-resonance in each of the measurements occurs at a slightly

lower frequency than predicted, as summarised in table 4.2.

Table 4.2: Measured and theoretically predicted locations of the first anti-resonance in the loop
input impedances.

Q Measured fp | Theoretical f; | Percentage difference
Loop1 |8 2202 MHz 2283 MHz -3.5%
Loop2 |10 | 863.2MHz 901.7 MHz -4.3 %
Loop3 |12 |323.8 MHz 343.2 MHz -5.6 %

Since this resonance shift is similar in all three of the antennas it is probably a
systematic effect and not a random deviation. It is likely caused by the difference in feed
structure used in the theoretical analysis and the measurement setup. The theoretical
analysis uses a delta function generator whereas the measured loops are driven with a

coax cable. Smith and Zhou have presented a modified calculation of the Fourier
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coefficients based on this type of feed structure that could potentially yield more accurate

agreement [18]; however, this is not pursued further here.

4.2 Radiation Efficiency Measurements

A Wheeler cap was used to measure the radiation efficiency of two of the loop
antennas. This approach was originally proposed by Wheeler, and several well known
authors have evaluated this technique both theoretically and experimentally [40], [41],
[42]. The consensus amongst these papers is the technique is generally easier to
implement than alternative approaches, and it is well suited to comparing relative

efficiencies, but is not highly accurate for measuring absolute efficiency.

The antenna radiation efficiency is determined by first measuring the input
resistance of the antenna in free-space, R;. The antenna is then enclosed in a conductive
chamber and the input resistance is measured again, R;. Ideally, the conductive chamber
returns all radiating power to the antenna, removing the radiation resistance from the
second measurement, and the radiation efficiency is found as

KRR,
=

1

n 4.2)

The Wheeler cap must not distort the current distribution or near-fields of the
antenna. Accordingly, Wheeler suggested the distance between the antenna and cap must

be at least one radiansphere,

. 43
r=o- (4.3)

generally accepted as the boundary between the near-fields and far-fields of an antenna.

The shape of the cap is not critical as long as this condition is met.

The Wheeler cap built to measure the radiation efficiency of the half-loop
antennas is shown in fig. 4.8. It was constructed by building a cardboard box of

appropriate size and then lining the box with aluminium foil. It was not expected to
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produce highly accurate results, but instead to verify predicted trends. The cap can
accommodate an antenna with radiansphere of less than 0.5 meters. This size was chosen
so the efficiency of loop two could be measured down to a normalized perimeter, p), of
0.05 where this antenna’s radiansphere 1s 0.48 meters. The largest loop, loop three, has a
radiansphere of 0.5 meters at a normalized perimeter of 0.13. Measurements below this
electrical size will result in a radiansphere larger than the cap dimensions and must be

treated with caution.

i)

X
< 226 m >

Figure 4.8: Dimensions of the Wheeler cap used to measure the loop antenna radiation efficiencies.

The input reactance of an antenna is determined exclusively by the antenna’s
near-fields, so the measured input reactance should be unchanged by the cap. Figs. 4.9
and 4.10 show the measured input reactance of loops two and three with and without the

cap.
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Figure 4.9: Measured input reactance of loop two in free-space and with the Wheeler cap. The
measured frequency range is from 0.3 MHz to 2 GHz.
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Figure 4.10: Measured input reactance of loop three in free-space and with the Wheeler cap. The
measured frequency is from 0.3 MHz to 725 MHz.

The rectangular Wheeler cap forms a very effective resonant cavity, which can be
problematic. In the literature, Wheeler caps are typically used to measure the efficiency
of tuned antennas at the resonant frequency of the antenna. The radius of the cap is

generally set close to one radiansphere at this frequency, well below the cutoff frequency
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of the lowest resonant mode, and the resonant nature of the cavity does not interfere with

the measurements.

Here, as the wavelength is reduced, the measurements sweep through many cavity
resonant modes at frequencies determined by the geometry of the cap. These strong
resonances are clearly present in the measured reactance of fig 4.9 and fig 4.10. The
larger loop (loop three) is measured at lower frequencies, where the resonant modes are
spaced further apart compared to the smaller antenna (loop two). Other than the effect of

the resonant modes, the measured reactances are mostly unchanged by the cap.

Figs. 4.11 and 4.12 show the measured radiation efficiency for loops two and
three. Again, the resonant cavity modes are spread further apart for the larger loop;
however, the trend in efficiency is clearly visible, and an exponential curve fit is included
in both figures. The theoretically predicted efficiency, evaluated numerically with the

approach outlined in section 3.2, is also shown for comparison.
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Figure 4.11: Measured and theoretically predicted radiation efficiency for loop two (@ =10). The
measured frequency range is from 0.3 MHz to 2 GHz.

It should be emphasized that the apparent error in these measurements is not a

random error, but is a deterministic measurement system error caused by the losses
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(ohmic and radiation leakage) of the Wheeler cap. The measurements were taken several

times and the scattered data points were the same each time.
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Figure 4.12: Measured and theoretically predicted radiation efficiency for loop three (2 = 12). The
measured frequency is from 0.3 MHz to 725 MHz.

The measured efficiency of both loops is lower than expected at intermediate
electrical sizes, but asymptotically approaches the predicted efficiency with increasing
electrical size. The Wheeler cap will have ohmic losses and radiation losses at the seams
of the aluminium foil and at the boundary between the ground plane and the cap.

Following Smith [42], these losses, R, will degrade the measured efficiency,

R] _R2 — RRad —RCap
Rl RRad + ‘RQ ’

n= (4.4)

where Rq and Rg.q are the antenna ohmic loss and antenna radiation resistance

respectively. As the electrical size increases the radiation resistance becomes much

larger than both the antenna ohmic loss and cap loss, and the efficiency approaches unity.

Fig. 4.13 shows the fitted measurement results and the theoretical efficiency.
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Figure 4.13: Measured and theoretical radiation efficiency for loops 2 and 3. The measured results
are the fitted curves, not the raw data.

As predicted, increasing the loop thickness factor increases the radiation
efficiency of the antenna. The losses of the cap need to be accounted for to produce a
more precise measurement of absolute efficiency, but estimates of these losses are not
attempted in this thesis. Two authors have concluded that the ohmic loss in a metal cap
has a negligible affect on the measured efficiency [42], [40], so the primary source of

additional loss in the measurements is expected to be leakage radiation.
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Chapter 5

A Compact Loop Design

This chapter summarizes the design and testing of a loop antenna for a use in a
compact wireless tag. The goal of this design is to maximize the radiation efficiency of
the antenna, which will optimize both the communications range and the battery lifespan
of the tag. The bandwidth and radiation efficiency of the antenna and associated
impedance matching are all optimized based on the theoretical analysis of the previous
chapters. The communications link is binary FSK at a carrier frequency of 915 MHz and
a maximum data rate of 50 kbps. The required bandwidth of this link is approximately

150 kHz.

The tag electronics and antenna are located on a rectangular printed circuit board

(PCB) as shown in fig. 5.1.

Figure 5.1: Final tag design with electronics and loop antenna.

49
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A rectangular printed loop antenna, extending around the perimeter of the space
available for the antenna, maximizes the electrical length and radiation efficiency of the
antenna. The tag electronics are located on the left hand side of the PCB, and a ground

plane is located on the bottom side of the PCB under the electronics.

A prototype antenna was built to measure the antenna input impedance and
radiation patterns, and to aid in developing the impedance matching network. The

dimensions of the prototype antenna are shown below in fig. 5.2.

50% trace  Balun 2 .m.m 2 mm trace width
v

1l '
Edge Mount Matching 54—-—21.2 mm—>!
SMA Network

Figure 5.2: Prototype antenna overview.

A matching network of discrete surface mount components transforms the
balanced (differential) antenna impedance to 50 ohms unbalanced (single-ended). No
electronics are included on the prototype antenna. Instead, the input of the matching
network is fed to an edge-mount SMA connector via a 50-ohm microstrip transmission

line.

A picture of the final prototype antenna is shown in fig. 5.3. The copper tape on
the sides of the PCB ensures a low impedance RF path between the ground plane on the

top and bottom layers of the board.
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Figure 5.3: Finished prototype antenna.

Two numerical packages, CST’s Microwave Studio and Agilent’s Advanced
Design System (ADS), were used in the design of this antenna. The electromagnetic
simulator in ADS is a moment-method based numerical package and is good for fast and
reliable simulations. CST uses the finite difference time domain (FDTD) method, and
was used to give detailed numerical predictions of input impedance, radiation patterns
and radiation efficiency. The simulated input impedance of the PCB loop at 915 MHz 1s
5.0 +j459.4 ohms from CST, and 6.95 + j488.0 ohms from ADS.

5.1 Antenna Design Considerations

This section reviews some of the key issues encountered in the antenna design
process. A combination of theoretical analysis and numerical simulations were used to

optimize the design.

5.1.1 Printed Microstrip Loop versus Thin-Wire Loop

The loop considered here is made from a printed microstrip trace with a low
profile rectangular cross-sectional area, whereas the bulk of the available literature

considers thin-wire loops with a circular cross-sectional area.

Any conductor can be treated as an infinite depth plane conductor if two
conditions are met: the cross-sectional dimensions of the conductor must be greater than

the skin depth,
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5= /i =2.2um, (5.1)
WU

calculated for copper at 915 MHz, and the current must be uniformly distributed around
the cross-section of the conductor [5]. The thickness of the PCB trace (20 yum) is larger
than the skin depth by a factor of 10, so the first condition is satisfied. The loop thickness

factor, {2, can be estimated for this loop as

ol P
Q-Zln[w/z) 8.8, (5.2)

where p 1s the mean perimeter of the loop (82.4 mm) and w is the trace width (2 mm). As
previously shown, the assumption of uniform current distribution for this thickness factor

is marginal; however, the resulting error is not significant.

With both conditions satisfied, the internal impedance of an electrically small
structure is defined as the contribution to the input impedance from fields within the

conductor [5],
Z :(J—JFLJXL, (5.3)

where [ is the length of the conductor, and the effective width, wy, is illustrated below in

fig. 5.4.
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Thin-wire loop PCB trace loop

Figure 5.4: Cross-sectional area comparison between thin-wire and a PCB trace.

The ohmic loss is determined exclusively from the internal impedance. In the
case where the conductor is electrically large, the non-uniform current distribution must

be considered, and the ohmic loss is evaluated with the integral expression

1 =1 2
P, = p— Ljﬁz}l(qﬁ)} b-d¢}. (5.4)

As aresult, given two antennas of identical shape, one made from thin-wire and

the other from a PCB trace, the latter will show higher ohmic loss by a factor of

Fopcs - Weg wire _ (5.5)
B wire Wegr pca 2

So, by using a PCB trace instead of a thin-wire the ohmic loss of the loop is
increased. The penalty in terms of radiation efficiency depends on the radiation

resistance, which, in turn, depends on the loop electrical size.

The input reactance of an antenna is a combination of the internal reactance (5.3)
and external reactance caused by the near-fields of the antenna. For any antenna, the
internal reactive component is negligible compared with the external reactance. The
change in conductor shape will alter the near-fields, but the associated change in

reactance should not be significant.
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5.1.2 Optimum PCB Trace Width
Section 3.2 showed that small-loop theory can be used to estimate the radiation
efficiency of an electrically large loop. The small loop radiation resistance,
2
R, =20(p4) (5.6)
is proportional to the enclosed area of the loop,
A=(212-2w)(24-2w), (5.7)

where w is the width of the trace and all dimensions are given in mm. The area reserved

for the antenna is limited to 24 mm by 21.2 mm, as shown in fig. 5.5, so the trace width

can only be increased on the inside edge of the loop.

Ground Pla%_ 24 mm

-

.4
¢

Figure 5.5: PCB antenna dimensional restrictions.
As the width of the trace is increased, the enclosed area is reduced, and radiation
efficiency,

‘Rmd

— M 5.8
77 Rrad +RQ ( )

is also reduced.

The small loop ohmic resistance is found from the real part of (5.3).
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Ry = Lo (5.9)

where the effective width, w.g, 1s replaced with the trace width, w, as shown in fig. 5.4.

The average perimeter of the loop is given by

Poe =2(21.2424)—4w. (5.10)

So, increasing the trace width will also reduce the ohmic losses of the antenna, improving

the radiation efficiency.

Section 3.1 showed that current begins to concentrate on the inside edge of the
loop as the thickness factor increases. The small loop formulations used above assume a
uniform circular cross-sectional current distribution, and become less accurate with
increasing trace width, but still provide useful insight into the electromagnetic

mechanisms.

There is a trade-off in optimizing the trace width. Increasing the width reduces
ohmic loss, improving the radiation efficiency, but at the same time the enclosed area is
reduced, degrading the radiation efficiency. Ultimately, the optimum trace width must be
evaluated with numerical simulations. ADS 1is best suited for this application because the

simulation has to be re-configured each time a different trace width is considered.

The FR-4 PCB substrate dissipates RF energy and is not well suited for
microwave applications’. To evaluate the substrate loss, the simulation was repeated
with the substrate loss tangent set to zero. The radiation efficiency for various trace
widths, evaluated using ADS, is shown in fig. 5.6. The theoretical radiation efficiency

from small loop theory is also shown.

? The electrical properties of FR-4 used in this simulation were a relative permittivity, €, of 4.5 and a loss
tangent, A, of 0.015 [48].
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Figure 5.6: Simulated radiation efficiency versus trace width for the PCB loop (from ADS
Momentum) at a frequency of 915MHz.

In this case, small loop theory predicts a higher efficiency than the numerical
simulations. One possible cause of this lower simulated efficiency is concentration of

current in the corners of the square loop — not accounted for in the small loop

calculations.

The radiation efficiency could be slightly improved by increasing the trace width

from 2mm; however, the resulting gain is not significant.

Fig. 5.6 also shows the 2 dB substrate loss is largely independent of the trace
width. In hindsight, the prototype antenna should have been fabricated with a better

microwave substrate.

5.1.3 Feed Structure

The most common feed structure for a loop antenna is to apply a driving potential

across a small gap in the loop, but what is the appropriate gap size?
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A small capacitance exists across the feed gap as shown in fig. 5.7. This
capacitance, Cgqp, can be crudely modelled as a simple parallel plate capacitor, in parallel

with the input impedance of the loop, with capacitance
c,  =—, (5.11)

where / is the trace height, d is the width of the gap, and w is the trace width. This
capacitance will negatively affect the antenna by shunting current away from the

radiating element (the loop).

Zy(w) = Ry(0)HjXu(w)

Figure 5.7: Gap-Fed loop antenna and equivalent circuit including feed-gap capacitance.

To ensure input current is delivered to the antenna, not to the gap capacitance, the
reactance of the feed capacitance, X, should be much larger than the antenna input
impedance at the operating frequency, /o,

:;»
2z f.C

o~ gap

Z|. (5.12)

' gap

One advantage of the PCB loop is the extremely low height of the trace means
that the above condition is satisfied for a feed gap as small as 0.1mm. For this antenna, a
2 mm gap is used because it fits well with the physical dimensions of surface mount

components used in the matching network.
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Finally, the loop is a symmetrically balanced antenna, and a differential voltage

should be applied to maintain balanced operation.

5.1.4 Coupling with Ground Plane

At 915 MHz, the thickness of the ground plane is larger than the skin-depth of
copper (5.1) by a factor of 10. Consequently, RF surface currents are induced on the
ground plane, and these currents re-direct the magnetic near-field around the ground
plane. This causes the ground plane to act as a reflector, distorting the radiation pattern.
Additionally, the ground plane is used as a reference plane by the RF, analog, and digital

electronics, so these RF currents are potentially detrimental and should be minimized.

This coupling can be reduced by increasing the distance between the ground plane
and the loop; however, this can only be done by reducing the size of the loop, and in turn,

the radiation efficiency of the antenna.

The tag antenna was initially simulated without the ground plane using CST, and
the simulated impedance of 3.6 + j420 ohms used as a benchmark. The input impedance
with the ground plane gap (distance between the loop conductor and ground plane edge)
of 2 mm, previously given as 5.0 + j459.4 ohms is less than ten percent different, so the

gap of 2 mm was deemed adequate.

Fig. 5.8 shows the simulated surface currents on both the ground plane and the
loop. The peak surface-current on the ground plane is on the edge closest to the loop.
The current density in this location is approximately ten percent of the peak current on
the loop, and 1s 180 degrees out of phase with the current on the closest side of the loop,
as 1s necessary to ensure the high decay of electromagnetic field components within the

ground plane conductor.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. A COMPACT LOOP DESIGN 59

Type = Surface Curraal (peak) :
Mon i tar =:hofield (29153 011 )
Haximum-3d "= 13.887 A/m ot ©.732051 / 2 / 8.02 %X

Figure 5.8: Numerically simulated surface current on beth the loop antenna and ground plane. A
gap-voltage excitation is used.

Fig. 5.9 shows the simulated current on the ground plane only.

Trpe = Surface Current (peak)
Monitor = h-field (£=915) (1]
Maximum-3d = 1.43096 A/m at -3 / B / -@.83
frequency = 915

Phase = © degrees

Figure 5.9: Surface current induced on ground plane.

The peak current on the right-hand edge is clearly visible, and the return current is
distributed across the rest of the ground plane. Any cut in the ground plane orthogonal to
this current should be avoided as this would cause localized increases in the surface

current density.
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5.2 Predicted Tuned Bandwidth and Radiation Patterns

CST was used to give detailed numerical predictions of input impedance,
radiation patterns and radiation efficiency. The simulated input impedance versus loop

electrical size is shown in fig. 5.10.

4
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10°
- Reactance
E
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&
=
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E
=

10"

0.15 0.2 0.25 0.3
Normalized Perimeter (pl)

Figure 5.10: Simulated input resistance and input reactance. The lower and upper frequencies are
800 MHz and 1.0 GHz respectively.

The normalized loop perimeter at 915 MHz is approximately 0.25, where CST gives an
input impedance of 5.0 +j459.4 ohms.

The quality factor of a tuned antenna, Q,, found from the simulated input

impedance as

0. (@) = ]2 (o). (5.13)

2R, ()

is shown in fig. 5.11 for the prototype antenna.
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Figure 5.11: Radiation quality factor calculated using the CST generated input impedance. The
Chu (single mode) limit is included for reference.

The quality factor can be used to predict the half-power fractional bandwidth of

the tuned antenna

FBW, -2 (5.14)

z

The radiation quality factor, from the simulated input impedance, is 164.4 at 915 MHz,
the corresponding fractional bandwidth is 1.22 percent, and the absolute half-power

bandwidth is 11.1 MHz.

The simulated radiation efficiency of the antenna is -3.8dB from CST, which is
slightly more optimistic than the predicted -4.5dB from ADS. The CST simulation was
repeated with a lossless dielectric, and the resulting efficiency is -.9dB, suggesting almost
3dB power loss in the substrate, which is more than the 2dB loss predicted by ADS. This

does not include losses in the matching network, which will be considered separately.

The simulated far-field gain patterns from CST are shown in figs. 5.12 to 5.14
using a right-handed spherical coordinate system. The G,(8 = 90°, o) pattern cut in fig.

5.12 is very close to omni-directional with a gain of about -2.5dB. This omni-directional
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pattern confirms that the coupling with the ground plane is not significant enough to alter
the radiation pattern of the antenna. Only the phi, o, polarization is shown because the

theta, 0, component is negligibly small.

-90°

Figure 5.12: CST simulated far-field pattern G,(6 = 90°, o) for prototype antenna.

Fig. 5.13 shows both linear polarization components: G,(8, = 90°) and
Gy(0, o = 90°). The phi polarization component shows the familiar torroidal shape of the
magnetic dipole (electrically small loop), and the theta polarization component has a lobe
of close to -10dB on top and bottom of the loop. The electrical size of the loop, close to
one-third of a wavelength, is the cause of this additional lobe, which becomes more

pronounced with increasing loop electrical size.
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+180°

Figure 5.13: CST simulated far-field pattern for prototype antenna. The dashed line is G,(6, 0 =
90°) and the solid line is Gy(8, o = 90°).

The G,(0, # = 0°) pattern in fig. 5.14 shows only the phi polarization component

because the theta component is negligible.

90°

20°

+180°

Figure 5.14: CST simulated far-field pattern cut G,(¢, ¢ = 0°) for prototype antenna.
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The gain in the horizontal plane, approximately -2.5 dB, is similar to the previous
patterns, and the -10 dB gain in the vertical plane is similar to the gain in the vertical

plane of fig. 5.13.

5.3 Matching Network Design

The matching network topology used to match the differential (balanced) antenna
impedance to a single-ended (unbalanced) fifty ohm microstrip transmission line is

shown in fig. 5.15.

1:4
Balun

! .
0 Discrete Q
Z;n(we) =507, Matching Zywo) = (5.0 +j459.4)
single-ended Network

.

Zin(wo) = 2007, Zi(wg) = (5.0 — j459.4)%,
differential differential

Figure 5.15: Differential to single-ended matching network.

A discrete balun® provides the unbalanced to balanced transformation, and also
provides an impedance transform ratio of 1:4 (unbalanced 50-ohm impedance and
balanced 200 ohm impedance). A balun with a 1:1 impedance transform ratio would be
better suited for this application, but the 1:4 baluns were the parts on hand at the time of
the design. The design of the discrete matching follows the procedure outlined in section
3.4: the single-ended equivalent is derived first and then converted to a differential

scheme.

* Johanson Technology part number 0900BL18B200.
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The first step is tuning the antenna to resonance with a series reactive element,

—jX, =~-j459.4, as shownin fig. 5.16.

4X(w)

o)

Zy(w) = Ro(w) +jXy(w)

Figure 5.16: Series tuned loop antenna (single-ended).

The two-element, step-down matching network in fig. 5.16 transforms the tuned

antenna input impedance, R,(@), to 200 ohms at the desired resonant frequency (wg).

0,
X;

r—->

Zin(w) = Ri(w) X, Ryw)

Figure 5.17: Two-element step-down matching network topology (single-ended).

The impedance transform ratio,

R (o
n= "’( °)=2OO=40, (5.15)
R (»,) 5.0
is used to calculate the nodal quality factor
Q,=n—-1=6.24. (5.16)

The reactance values follow from the nodal quality factor and input and output

resistances as
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|X,|=R0, =312, (5.17)

and

]le=%‘”—=32.05. (5.18)

n

The polarity of the reactance X, is chosen to be inductive and the polarity of reactance X;

chosen to be capacitive.

The reactance X, 1s in series with the tuning reactance X;. These two elements

can be combined to yield an equivalent series element
X, =j31.2—-j459.4=—j428.2, (5.19)

reducing the number of elements and ohmic losses.

The resulting single-ended discrete matching network is shown in fig. 5.18.

“Xeg(w)
0, 0.4pF
A
—>° ]
Zin(w) GXo(0) = | Z4(@) = Ry(@) + X, ()
5.4pF s

Figure 5.18: Single-ended discrete matching network.

This network is easily converted to a differential scheme by re-distributing the
series reactance, X, into two equivalent series elements on either side of the antenna as

shown in fig. 5.19.
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G
0.8pF

" 7
Zi(w) 5‘4C;F — Z,(w) = Ry(w) +jX, (),
| \
1:4

Balun 0.8pF

Figure 5.19: Final matching netweork.

This additional capacitor will increase ohmic losses, but is necessary to ensure

balanced operation of the antenna.

5.3.1 Matching Network Losses

Johanson Technology provides numerical models for the capacitors and balun
used in the matching network. These models were used in ADS, with the simulated
antenna, to estimate the losses in the matching network. The model for the balun showed
an insertion loss of 1dB at 915MHz, which agrees well with the measurements provided
in the datasheet, but the models for the capacitors showed unrealistically large losses and

were deemed to be inaccurate.

Appendix A contains an estimate of the losses in the capacitors calculated using
ESR (equivalent series resistance) values from the capacitor datasheets. The resulting
1 dB loss in the capacitors, combined with 1 dB loss in the balun, gives a total estimated

matching network loss of 2 dB.
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5.4 Measurements

The surface mount balun and discrete matching network allows measurement of
the antenna input impedance with a VNA. A one-port calibration sequence using discrete
surface mount components as calibration standards shifts the reference plane of the
network analyzer as shown in fig. 5.21. This shifted reference plane allows direct
measurement of the antenna impedance. This calibration technique characterises the
balun as a systematic measurement error and removes it from the measurement along

with the other systematic errors.

Reference Plane

50 microstrip R, =0 E CI/
D—— 1}
2 \
SMA connector .
to VNA o <G Zy(w) = Ry(w) +jXu (w)
R T
— VK
1:4 [ ' C;
" Balun A

Figure 5.20: VNA measurement of antenna input impedance.

The prototype antenna includes footprints for additional series matching elements

labelled R, and R;. These are not needed and are populated with zero-ohm resistors.

A one-port calibration sequence requires three calibration standards: an open, a
50-ohm load, and a short. During the calibration process the footprint for C; is used for
calibration standards, and C, and C; must be left open (unpopulated). A surface mount
fifty ohm resistor is used as the fifty ohm load standard, a zero-ohm resistor as the short

standard, and the pad is left unpopulated for the open standard.
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Calibration standards include definitions that mathematically model the electrical
characteristics of each standard. These definitions account for imperfections such as
open circuit fringing capacitance and parasitic series inductance in the short standard.
Surface mount components are far less ideal than proper calibration standards, so the
resulting measurement accuracy is reduced; however, at the relatively low operating
frequency of 915 MHz, surface mount components will still yield useful measurement

data.

After calibration is complete, populating C2 and C3 with zero-ohm resistors and
leaving the C1 footprint open allows direct measurement of the antenna impedance. The
series impedance of the zero-ohm resistors is included in the measurement, but should not

produce significant errors at 915 MHz.

There are additional limitations with this measurement technique. The antenna is
not matched to the 50-ohm impedance of the measurement set-up, so the return loss is
extremely high and very little power propagates through the balun to the antenna. The
signal to noise ratio (SNR) of the measurement is very low, compounded by noise
generated from the antenna itself. It is crucial to use the maximum available power and
the noise reduction features (low IF bandwidth and time averaging) of the VNA to

maximise the SNR of the measurement.

The measured antenna input impedance is shown in fig. 5.22 with the simulated
input impedance from CST. The high noise of the measurement is visible in the
measurement of input resistance. Although noisy, the measured impedance is clearly
similar to the simulated impedance. There is a distinctive dip in the measured resistance
at normalized perimeter of 0.25. This phenomenon was present in repeated
measurements, and although this is the desired resonant frequency of the antenna, this
measurement of the loop does not contain any tuning specific to this frequency. This
irregularity is likely caused by the balun or the surface mount components used as

calibration standards.
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The simulated impedance diverges from the measured impedance at the upper end
of the measurement, showing that the first anti-resonance of the simulated loop occurs at

a slightly lower frequency than the measured loop.

10
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Normalized Perimeter (pl)

Figure 5.21: Measured loop input impedance and simulated CST input impedance.

This measurement approach is also useful for testing and tuning the matching
network. By sequentially populating various components of the matching network,
starting with C; and Cj, the nodal input impedances can be directly measured and

compared with the expected nodal impedances.

Figs. 5.23 and 5.24 show the measured nodal impedances of the matching
network. These measurements were taken after the component values had been manually

tuned, so the component values are slightly different than theoretically calculated values.

Fig 5.23 shows the measured nodal impedance of the antenna plus the series
elements. The measured impedance of 6 + j27 ohms is reasonably close to the expected

impedance of 5 +j31.2 ohms.

Fig 5.24 shows the measured nodal impedance with both the series and shunt

elements populated. The measured impedance of 166 +j5.3 is smaller than the expected
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impedance of 200 ohms, but as long as the input impedance is close to 50 ohms, this

nodal impedance is not important.

Figure 5.22: Measured nodal impedance with C; = 0.8pF, C; = 0.7pF. The nodal impedance at 915
MHz (circled) is 6 + j27 ohms.

Figure 5.23: Measured nodal impedance with C; = 0.8pF, C; = 0.7pF, and C, = 5.0pF. The nodal
impedance at 915 MHz (circled) is 166 + j5.3 ohms.
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The VNA must be re-calibrated to measure the input impedance of the matching
network looking into the balun. A one-port calibration with a standard calibration kit sets
the VNA reference plane to the end of an SMA cable, and a port-extension equal to the
electrical length of the fifty ohm microstrip line shifts the reference plane to the input of

the balun. The appropriate port extension was determined experimentally as 175 psec.

This electrical delay can also be calculated using the length of the microstrip
transmission line (25.5 mm) and the permittivity of the substrate. The effective dielectric
constant, €. of a fifty ohm microstrip line on 32-mil FR-4 substrate is given as 3.47 [36].

The resulting phase velocity,

v = : (5.20)

is used to calculate the propagation delay

r=—. (5.21)

The theoretical calculated propagation delay is 158 psec. The additional delay in the

measured value may be caused by the SMA connector.

Fig. 5.25 shows the input impedance with the VNA calibrated to the input of the
balun. The measured input impedance at 915 MHz is 43.2 + j8.8 ohms, and the
equivalent return loss, shown in fig. 5.26, is -18.5dB — a very good match. The lowest
return loss and best impedance match is at 913 MHz; however, the resonant frequency
cannot be shifted any closer to 915 MHz because of limited selection in the capacitance

values of surface mount capacitors’.

* Johanson Technology’s S-Series ultra-low ESR capacitors were used. These are available in increments
of 0.1pF.
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Figure 5.24: Measured input impedance of the antenna with complete matching network. The input
impedance at 915 MHz (circled) is 43.2+ j8.8 ohms.

-3dB

Return Loss, dB

25 ' ' :
800 850 900 950 1000

Frequency, MHz

Figure 5.25: Measured return loss of the antenna with matching network. The return loss at 915
MHz (circled) is -18.5 dB.

The half-power bandwidth (-3 dB bandwidth) is approximately 24 MHz from the
measured return loss. This is over twice the predicted bandwidth of 11.1 MHz. Losses in
the matching network are responsible for some of this increased bandwidth, but it is

unclear is there is another factor at play.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. A COMPACT LOOP DESIGN 74

A Satimo antenna chamber® was used to measure the radiation efficiency and far-
field patterns of the prototype antenna. To remove the matching network loss from the
measurements, 2 dB has been added to the measured far-field gain patterns shown in figs.

5.27 to 5.29. The simulated antenna gain from CST is included for reference.

90°

-90°

Figure 5.26: Measured (dashed line) and simulated far-field pattern |G(8 = 90°, #)| for the prototype
antenna.

° Sierra Wireless provided access to their Satimo antenna chamber for the far-field gain measurements.
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+180°

Figure 5.27: Measured (dashed line) and simulated (solid line) far-field pattern |{G(6, o = 90°)| for the
prototype antenna.

90°

+180°

Figure 5.28: Measured (dashed line) and simulated (solid line) far-field pattern |G(4, ¢ = 0°)| for
prototype antenna.

The measured radiation efficiency of the antenna and the matching network was
-6.6 dB. The simulated radiation efficiency (-3.8 dB radiation efficiency) and matching
loss (2 dB matching loss) was estimated as -5.8dB, so the error between the predicted and

measured efficiency is less than 1 dB.
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Chapter 6

Conclusions

The loop antenna can be an effective compact planar antenna, especially suited
for applications in small wireless tags, and unlike many other low-profile or planar

antennas, the loop antenna does not need a ground plane.

Chapter 2 reviewed previously derived solutions for the current distribution and
input impedance of the electrically large thin-wire loop, and used these results to derive
the theoretical radiation efficiency, not previously available, and half-power bandwidth of
the tuned loop antenna. Fig. 6.1 shows the derived radiation efficiency and tuned
bandwidth for a circular thin-wire loop antenna. This figure concisely summarizes the
important results from this analysis: both the bandwidth and radiation efficiency improve
with increasing electrical size, and a loop with normalized perimeter greater than one-half

is a very efficient radiator.

A sharp anti-resonance at an electrical perimeter of approximately one-half makes
impedance matching at this size exceedingly difficult, and operation in the area should be
avoided. It is suggested that the optimum loop electrical size, depending on the
bandwidth requirements of the system, is a normalized perimeter between one-half and
one. It is possible that bandwidth demands require a further increase in electrical size,

but from a radiation efficiency point of view, there is little point in using a larger loop.

76
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Figure 6.1: Theoretically derived radiation efficiency and maximum tuned bandwidth of a thin-
wire loop antenna with radius of 20mm and loop thickness factor, &, of 10.

A simple approach for the design of a discrete impedance matching network was
introduced, and this matching network was shown not to alter the bandwidth of the tuned

loop.

Three half-loops were built and measured on an electrically large image plane,
and chapter 3 showed the measured input impedance agrees well with theoretically
calculated values. A Wheeler cap was used to measure the radiation efficiency of two of
these loops. The measurements confirmed the theoretical trends in radiation efficiency,
and the measured efficiency asymptotically approaches the theoretically predicted
efficiency for the one-wavelength loop. A more accurate measurement technique is

needed for confirmation of the radiation efficiency at intermediate electrical sizes.

Finally, the design and testing of a loop antenna for use in a wireless tag was
presented. This design applied the theoretical results of the previous chapters, with

numerical electromagnetic simulations, to design a tuned loop antenna.
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Appendix A

Matching Network Loss Calculations

This appendix estimates the ohmic loss in the capacitors in this matching network
shown in fig. A.1. Losses in the balun are considered separately. It should be
emphasized that many simplifications are used in this analysis, and the resulting loss

should be treated as a rough estimate. The carrier frequency is 915MHz, and the transmit

power is 4dBm, or 2.5mW.

o
0.8pF
\
}{ /
Zn(®) 1 Z (@) = Ry(w) + jX, (),
5.4pF /'l\
\
== 7
1:4 G
Balun 0.8pF

Figure A.1: Prototype antenna matching network.

First, the balun is replaced with an ideal voltage source delivering 2.5mW of

power into a resistive load of 200 ohms,

V,=P_R, =.707, (A.1)

out” “in

78
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as shown in fig. A.2.

V, 322 == | T Zy(wy) = (5.0 +j459.4)"

Figure A.2: Prototype antenna matching network.

The capacitors are treated as ideal (lossless) to facilitate calculation of the currents

in the matching network,

I, = Jow__ 22.0£90°m4, (A.2)
—j32.2
T I/:)ut o
I,= =27.34-78.9°mA. (A.3)

2(-j217)+(5+ j459.4)

The effective series resistance (ESR) of the capacitors, given as one-tenth of an

ohm at 915MH?Z’, is needed to calculate the ohmic losses,
Pew =Y, 'R =1%] (22.0m4)' +2(27.3mA)’ |=0.2mW. (A4)
Finally, the power delivered to the antenna,
Py =2.5mW —02mW =2.3mW, (A.4)

1s used to find a rough estimate of the efficiency of the matching network,

- PANT — 2.3mW :92%, (AS)
P, 2.5mW

or alternatively in dB form,

7 Johanson Technology’s S-Series ultra-low ESR capacitors.
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14 =10log(n)=—.4dB. (A.6)

This estimate should be rounded down to at least -1 dB to provide some margin of

error, given the approximate nature of the calculation.
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