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Introducing Loop Antennas

For Short-Range Radios

now addresses the basics of loop-anten-
na design for short-range radios with
integrated phase-locked-loop (PLL)
transmitters (Txs), comparing the
unmatched and the tapped-capacitor
matching methods for efficiency and
performance. Part 6 will cover the
printed-transformer matched-loop
antenna and understanding differen-
tial drive. The concluding Part 7 will
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11. The physical implementation of a loop antenna (a) is shown
next to its standard model (b) and an impedance transformed
model (c) where all resistances are viewed in parallel.
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hort-range-radios are only as strong as their weakest com-
ponent links, including the antenna. Previously, Parts 1, 2,
3, and 4 of this series (see Microwaves & RF, September and
October 2001 and February and March 2002, respectively)
covered one-way short-range system design, including link
budgeting, regulatory issues, and some issues of silicon (Si)
design at the transmit side. Part 5 of this article series

cover physical-board design
and practical regulatory
compliance.

Printed-loop antennas are
commonly used with unlicensed short-
range radios, due to requirements for
small size, ruggedness, and low cost. The
frequency range is generally 285 t0 470
MHez (see Part 2 of this series), where
a full-sized quarter-wave whip anten-
na measures 6.28 to 10.4 in. (16.0 to
26.3 cm) in length. The large size usu-
ally eliminates consideration of whip
antennas for these applications, result-
ing in the accep-
tance of printed-
circuit-board (PCB)
antennas as the
most popular solu-
tion. PCB anten-
nas generally exhib-
it only 1-to-20-
percent radiation
L efficiency, but are
small, easy to design
© (with the exception

= of significant errors
in some published
matching methods),
insensitive to design
errors since they
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Table 7: Calculated performance of the unmatched and
matched 12 X 34-mm loop antenna at 434 MHz

r

DESIGN

Mismatch Total 2nd harmonic | 3rd harmonic
loss (dB) efficiency rejection (dB) | rejection (dB)
usually must be tuned anyway, and
provide a modest amount of harmon- Unmatched 1.3 0.59 percent 22.1 23.6
ic suppression (improved by matching, Tapped capacitor 0 8 percent 50.6 52.0
as discussed later). However, since most | | Transformer 0 8 percent 41.5 36.0
of the available literature on loop-anten-

na matching is aimed at paging-receiv-
er (Rx) applications, there is little infor-
mation on the harmonic performance
needed to meet regulatory requirements
in transmit mode. This harmonic prob-

lem shall receive considerable atten-
tion in this and the next two articles. Also,
loop antennas actually have enhanced
efficiency when positioned near the
human body. The low conductivity of

approximately 4.5 dB at 285 MHz,
dropping to about 2.8 dB at 470 MHz
and 0 dB at 900 MHz.

In use, the loop inductance is usually
considered to be a parallel resonance with

a variable tuning capacitor so that the
driver sees a large real load which must
be matched for optimum power deliv-
ery. Other options to manual tuning
include using resistors to modify the
circuit quality factor (Q) to allow fixed
capacitors and on-die automatic tuning.
Unfortunately, the losses imposed by these
methods are sometimes unacceptable.
In particular, when a low-cost wide-
band Rx is used that prevents setting the
intermediate-frequency (IF) bandwidth
to match the spectral occupancy of the
transmitted signal, then “averaging”

the human body decreases
a nearby electric field and
increases a magnetic field (see
p. 295 of ref. 8), leading to
the general view that elec-
trically small “magnetic”
loop antennas are the most
efficient for equipment worn
on the human body, such as
pagers, RF tags, and con-
trollers. The magnetic-field
intensification near (with-
in one-quarter wavelength
of) the human body is
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as described in Part 2 is often used to
maintain link quality. This averaging
requires higher radiation efficiency and,
thus, usually a well-matched and indi-
vidually tuned high-Q loop antenna.

Figure 11 shows a standard loop-
antenna model where series loss resis-
tances are moved to provide a total par-
allel equivalent resistance that maintains
the same Q in the loop. A matched sin-
gle-ended driver would provide similar
loading by driving into the nongrounded
end of the capacitor, and Q will be cut
approximately in half from the limit set
by radiation and loss resistance. If the
loop is directly driven by a lower-
impedance power amplifier (PA)
[unmatched], then Q will be lower still.

The radiation resistance of a loop,
under the condition that it is electri-
cally small (perimeter less than 0.3 \),
is provided as Eq. 45,
where:

A =loop area (perimeter of inside edge
of trace) in square meters and

\ = wavelength in meters.

For the frequencies and sizes normally
used, this equation generally holds out
to approximately the second to fourth
harmonic and is adequate to use in pre-
dicting the lower-order harmonic per-
formance where regulatory compliance
is more commonly an issue. At higher
frequencies where the antenna is not elec-
trically small, the current in the anten-
na varies as a function of position, and
must be taken account of as outlined in
ref. 11 or through simulation. For a
rectangular antenna with sides L; and
L, fabricated on copper (Cu)-clad lam-
inate, the given Cu conductivity of 5.8
X 107, Eq. 45 becomes Eq. 46.

An expression for loss resistance
derived from fundamental principles
(skin-depth-based analysis), assuming
that line width is much greater than
line thickness, but thickness is also
much greater than skin depth (true for
practical boards), is Eq. 47,
where:

[ = the total perimeter of the anten-
na in meters, measured at the center of
the trace;

w = the width of the trace in meters;

o = conductivity; and

p = permeability.

For the common rectangular anten-
na case with Cu trace and with per-
meability of 1.256 X 107, Eq. 47
becomes Eq. 48.

The radiation efficiency of the loop
is commonly provided as Eq. 49.

For a particular driving current to the
loop, this expression follows immedi-
ately from power being i’R. An alert read-
er may immediately wonder about driv-
ing current changing with variation in
loss and matching resistance if a perfect
match is provided by other circuitry. A
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simple analysis can show that if match
is maintained, the same expression
results if efficiency is defined as the
radiated power divided by the total
driving power. Though often neglect-
ed, losses associated with the resonat-
ing capacitor are usually significant
and are counted in the denominator of
Eq. 49 as another series resistance-loss
term. Good COG capacitors will typ-
ically have series loss resistances of 0.1
to 0.2 Q, variable capacitors series loss
resistances from 0.1 t0 0.5 Q, and X7R
and Z5U dielectrics series loss resis-
tances of 0.5 and 1 Q (visit the Mura-
ta website at www.murata.com for an
excellent database of these losses over
capacitor construction, value, and fre-
quency). These capacitor losses can
dramatically affect radiation efficiency
and matching, and can have a moder-
ate effect on harmonics.

It is often helpful in analysis to trans-
form losses between series and paral-
lel modes, which is valid around a nar-
row range of frequency. Using series
losses as the base mode, we may define:

QS:E

from which analysis the following high-
ly useful set of basic relations is
Egs. 51-56:

(50)

Rp = RS(Q§ +1) (51)

[SEE EQS. 52 TO 56 ABOVE]

Of course, to achieve a loop resonance,
an expression is required for loop induc-
tance. A remarkably simple formula
for inductance of a polygon of gener-
al shape that is usually good to within
5 percent is provided by ref. 10 as Eq.
57,
where:

[ = the perimeter as measured at the
inside edge of the trace,

w = the width, and

A = the area.

Consider a numerical example for a
loop that will later be matched using sev-
eral other approaches. Assume opera-
tion at 434 MHz (a common European
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choice) with a rectangular antenna mea-
suring 3.4 X 1.2 cm on the inside, with
trace width of 2 mm, and with a capac-
itor with series loss at this frequency of
0.138 Q. The loss resistance can be cal-
culated as 0.250 Q, the radiation resis-
tance as 0.0227 Q, the total series resis-
tance as 0.286 Q, and the resulting
maximum efficiency as 7.95 percent.
From Eq. 57, the inductance is 52.9 nH
and the resonating capacitance is thus 2.54
pF. The unloaded Q is 505 and the equiv-
alent parallel resistance is 72.9 kQ.

Drivers on low-power Txs would
normally have an output impedance of
from 50 Q to several thousand Q, so a
direct connection across this loop is
obviously a bad mismatch that would
not provide the maximum possible effi-
ciency. The low impedance of the typ-
ical driver would also lower the Q dras-
tically and reduce the harmonic rejection
of the antenna. Despite these disad-
vantages, an unmatched loop is occa-
sionally used in these applications, so
the analysis is provided as follows. The
total loss resistances of the loop anten-
na (where losses are modeled as a resis-
tance is series with the inductor) are
shown in Eq. 58,
where:

R,.q = radiation resistance,

Ross1. = Ohmic loss resistance in the
loop, and

Ry = capacitor series loss resistance.

The coefficient of Ry is 1 at the fun-
damental frequency, but greater than 1
at the harmonic frequencies. This coef-
ficient results from moving the capaci-
tor series loss, R, to be in series with
the inductor for modeling purposes. This
sum may be represented in parallel form
at the fundamental and harmonic fre-
quencies by Eq. 55, yielding a quantity
here known as Rp,o.1y, where H repre-
sents the harmonic number and is 1 for
the fundamental frequency. Assuming the
antenna still satisfies the constant spa-
cial-current approximation for the first
few harmonics, the radiation efficiency
for the fundamental and first few har-
monics can be written as:

I%ad
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where it is understood that R4 must
be found from Eq. 45 at the appropri-
ate harmonic H. Converting impedances
to admittances, we may write a handy
current-divider function expressing the
fraction of the total current available from
the driver at each harmonic frequency
that flows through this parallel resistance
at each harmonic frequency and is thus
radiated. Defining Gp,,qy as the total
parallel admittance at each harmonic
H (where H = 1 at the fundamental), this
divider function is provided by Eq. 60.

In Eq. 60, the term Y.y, is used
because at the harmonic frequencies the
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