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Rigorous Analysis of Probe-Fed
Printed Annular Ring Antennas

David M. Kokotoff, James T. Aberle, and Rod B. Waterhougember, IEEE

Abstract—This paper presents calculated and measured results tered when attempting to enhance the bandwidth of a printed
for the input impedance and radiation performance of probe- antennato meet commercial system performance requirements.

fed printed annular ring antennas. Geometries featuring stacked For these situations, a rigorous full-wave analysis must be
rings as well as shorting posts are considered. A numerical model used ’

is presented that is based on a full-wave spectral-domain moment- . .
method solution. In this solution, a specialized attachment mode- N this paper, we present a rigorous full-wave spectral
expansion function is used to model the connection between thedomain analysis that can accurately model the performance
probe feed and the printed ring. Measured results are presented of a probe-fed annular ring. Central to this analysis is a
and compare well with the theory. Annular rings are found 10 gyacig|ly derived attachment mode that accurately models the
have certain advantages over circular and rectangular microstrip ) 0

current on the probe feed and also the discontinuity between

antennas. _ _ the feed and ring conductors. An overview of the derivation
Index Terms—Microstrip antennas. of the attachment mode is given. Furthermore, some design
examples using the derived analysis, namely, stacked and
I. INTRODUCTION shorted annular rings are given. Some pertinent advantages

ICROSTRIP patch antennas are used in a variety 8; utilizing printed annular rings for these patch antenna

applications due to their many salient features [ﬁonflguratlons are also discussed.
Like many forms of microstrip patches, the annular ring
has received considerable attention. When operated in its II. THEORY
fundamental mode, TM, this printed antenna is smaller . . .
than its rectangular or circular counterparts. The annular rin Consider a s_ta_cked annular probe-fed microstrip patch an-
may also be somewhat broadband in nature when opera %ana on an infinite grou_nded dielectric slab with dimensions
near the TM. resonance [2]. For these reasons, there ha own in Fig. 1. The printed element, the prohe feeds, and
been several theoretical and experimental investigations i ground p.Iane. are all assumed to be perfect conductors.
the performance of printed annular rings [2]-[4]. Feeding e feed region is modeled as a delta-gap voltage generator

printed antenna via a coaxial probe has long been establisttl)gaﬁeen the base of the probe and ground plane.

as the most robust means of coupling power to and from the dformulatlorr: '55 a fg"'}’va\/; specktral-fd(t))ma|_rt1 mo_r;;ent;
a microstrip patch. This coupling technique also provid ethod approach [5] and, for the sake of brevity, will no

excellent isolation between the components of the feedi %mscussed. As in [3], the unknown electric current density

network (e.g., phase shifters and amplifiers) and the radiatif thfe pZi.'tCheS z_af[rr(]a aplfroxmatedﬁpy at seg_r?f vector expan-
elements, reducing the likelihood of spurious coupling as wi jon Tunctions with unknown Ccoetiicients. 1hese expansion

as unwanted back radiation. Such requirements are criti lérPCt'onS are based on the eigenmodes of the magnetic wall

when developing arrays positioned back to back as in typicc(‘;ﬁvity model of an annular ring geometry [6]. Additionally,

mobile communication base station environments. each probe has a special entire domain expansion function,

To accurately model a microstrip patch antenna fed byfa" associated with it. This expansion function is commonly

coaxial probe, special consideration of the current discongﬁtﬁr]red to TS an attz?tchrr?ent {nOdZ' imol ted h .
nuity associated with the probe and patch conductors must € annuiar ring attachment mode implemented nere 15 an

be made [5]. Approximate models, such as the cavity mod plication of t_he concept originally proposgd by Aberle [5],
although they give good insight into some of the general tren :J [8] for a circular-patch geometry. In this approach, an

of the antenna, fail to give an accurate representation of tﬂgachment mode appropriate to the geometry under considera-

performance, especially when an electrically thick (say, grea{écfn IS denyed from the correspo_ndmg ca\{lty modgl, assuming
%_umform filamentary source. This expansion function properly

than 0.02)\,) substrate is used. Such conditions are encou 4 .
models the underlying physics of the problem and, hence,
Manuscript received March 27, 1998; revised June 15, 1998. greatly enhances the accuracy and efficiency of the solution.
. D. M. _Kc;kotof‘f gngl Rt. B. VI\E/atgrhouse a’rqe W:thMtflls Depalftmtf‘{‘n: Off For an annular ring patch, the patch part of the attachment
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Fig. 1. Geometry of a stacked probe-fed printed annular ring with appro- 1.0 1.5 20 25 3.0 35 4.0
priate symbols.
P
b
where f, and f, are given by a series of ordinary Bessel ()
functions, Fig. 2. (a) Vector and (b) linear plotA( < p < 4X and ¢ = 0°)
of the patch part of the attachment mode-expansion function
£l ) (k=238 a; = A, by = 4X,pp = 3.25M,¢p = 1°).

k
4
0 Fig. 2 plots the patch part of the attachment mode in both
o LAY (ka)Jy, (kp) = J5, (ka)Y, (kp)] p<p,  vectorand linear form. As seen in the linear plot, in the vicinity
( L (kb)Y (kp)] p=p,  of the probe location, the attachment mode becomes singular.
(3) However, the mode is well behaved over the remainder of the

structure as shown in the vector plot. The negative current
o0 in Fig. 2(b) represents a change in the vector direction of
= 1 msin(m(¢p — ¢p)) the current. For this case, the current resembles the dominant
2p m=1 TM1; mode of the patch. Hence, the attachment mode is a
A Y (ka) T (kp) — I (ka)Yn (kp)] p < pp good approximation to the original problem.
x B[V (kb)Y (kp) — T, (kb)Y (k)] p > pp In the spectral-domain technique, the Fourier transform

(4) of the basis set is necessary. By the use of some relatively
straightforward, albeit tedious, manipulations, the Fourier

k is the wavenumber in the material, and ¢, are the probe transform, denoted by the superscript™of the patch portion
position in cylindrical coordinatess,,, is Neumann number of the attachment mode can be evaluated in polar spectral

[5], and the coefficientsi,,, and B,,, are given by form. The final form of the attachment mode transform is
A = Yo (kb) S (kpp) — J0, (kb)Y (Kpp) (5)
" Y (ka) ) (Rb) — T, (ka)Y;, (kD) ~ ,
B (ka) m (kpp) nl(ka)ym (kpp) (6) fav = _j{Tl (/37 Oé) cosa + TQ(ﬁ? Oé) Sl Oé} (7)
" Yr;z(ka)’]l (kb) — J},(ka)Y) (kb) - ?y = —){T1(B, ) sine — Tr(B, &) cos } (8)
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with 77 and 75 given by
_ kS1(B,a) — 8528, «)

Tl (/37 Oé) - kQ _ /32 (9) ..........
_ 53(B,q) 5
and
S1(B,a) = D emy ™ cos(m(a — ¢y))
m=0
X [Amd;,(BY) = By, (Ba)] (11)
SH(B.a) = e8Py cos(a—dy) (12)
Sa(B,0) =23 my " sin(m(a — ¢,)) e
m=1 o\ e Experiment

x [Amjm(/}b) - SBme(ﬁa) . (13)

The polar spectral coordinate$ and « are related to the
Cartesian spectral coordinatég and k,, as given in [5]. It
is interesting to note that the form of the Fourier transform is
quite similar to that of the circular patch attachment mode [5],
with only A,, and B,,, differing. , , , _

The expansion set can now be substituted into the operagggglféd ';Lenddféfdriﬁgi:"ejsgg? t";g‘i; |m:;)eg%n0(i(a, ?If] the séﬁ]cgkgdm%")be'fed
equation (see [5] for details) and can be tested to reduce the= 10.0 mm, b, = 29.0 mm, p, = 21.0 mm, ¢, = 0°, r, = 0.325 mm,
problem to a matrix equation. Due to the inhergrgymmetry €2 = 1.07, tané> = 0.001, dz = 8.0 mm, az = 14.0 mm, b2 = 31.0
of the structure, the two-dimensional spectral integration ag™
sociated with each matrix element can be reduced to a single
semi-infinite integration with respect {o. This yields a large by moving the feedline away from the patch, the coupling
computational savings as compared to the rectangular probe-the radiator and the input impedance can be reduced
fed patch. The derivation and evaluation of the individud®]. However, the strong coupling between a probe feed
matrix elements follows [8]. and a printed annular ring is extremely advantageous when

Note, that for the purposes of testing the operator equati@monsidering stacked configurations. Typically for any stacked
the part of the testing functions which exist on the probe fegtch configuration, the lower resonator is deliberately over-
is not assumed to be filamentary, but includes the radius of tteupled and the top patch is used to effectively impedance
probe [5], [7], [8]. This adds to the accuracy of the methodnatch the entire configuration. Thus, the high impedance
since the radius of the probe is considered; however, it remowacountered for a probe-fed single layered ring is well suited
the symmetry of the attachment mode portion of the systeim a stacked version. Importantly too, the high impedance
matrix. level is relatively independent of substrate thickness. Thus,

Once the matrix equation is solved for the unknowthick dielectric layers below the lower resonator can be used
coefficients, the input impedance, radiated field and otheithout the penalty of poorly behaved input impedance due to
electrical signatures can be evaluated using an analogd® inductive nature of the feed. This is in direct contrast to
procedure to [8]. probe-fed circular and rectangular stacked patch configurations

where the lower substrate cannot be made too thick. Another

lll. RESULTS advantage of the annular ring over the circular patch version

. is the extra degree of freedom in design, namely the inner

A. Stacked Annular Ring radius. This may be varied independently of the outer radius to

The impedance variation of a single-layer printed annulgrovide fine tuning of the impedance variation of the antenna.
ring has been thoroughly examined in the literature botfhe effect of this extra degree of freedom is similar to varying
experimentally and theoretically [2], [3]. For this reason anghe width of a rectangular patch.
for the sake of brevity, an investigation is not included here. Fig. 3 shows the predicted and measured input impedance
There are, however, several features of a probe-fed printgdt of a probe-fed stacked annular ring antenna (refer to
annular ring which are pertinent to the more complicatatie caption for the relevant dimensions). As can be seen
design examples presented here. In particular, when operatirggn Fig. 3, very good agreement between theory and exper-
in the fundamental mode (TM) the probe-fed printed ring iment is achieved. The predicted and measured 10-dB return
has a high-input impedance at resonance [2]. Thus, therddss bandwidth is 21% and 22%, respectively. The variation
a strong coupling between the feed and the patch; that ligtween the experimental and theoretical impedance loci is
the radiator is overcoupled. This is why proximity coupling @ue to the positional error in the alignment of the top patch
microstrip line to a printed ring is the preferred option. Hencand the thin layer of dielectric material required to etch this
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Fig. 5. Measured and calculated input impedance behavior (and schematic)
of a shorted probe-fed printed annular ring. (= 1.07, tané = 0.001,
180 d =100 mm,a = 6.0 mm,b = 103 mm, p, = 7.0 mm, ¢, = 0°,

Fig. 4. Measured and calculat@ and H-plane co-polar radiation patterns "o = 0-325 MM, pps = 9.3 mm, éps = 07, 705 = 0.6 mm).

for the stacked annular ring (refer to Fig. 3's caption for parameters).

bandwidths of the antenna are 5.8% and 5.9%, respectively.
conductor. This layer (thickness 0.254 mm, ¢, = 2.2) is The slight shift in resonant frequency apparent in Fig. 5 can
not included in the analysis. The central processing unit (CPb® attributed to the thin layer of dielectric material required to
time per frequency point using 15 entire domain expansi@tch the patch conductor. Again, this layer is not included in
functions on each patch and the attachment mode is 18hse analysis. For the theoretical results displayed in Fig. 5, two
using a 200 MHz AMD K6 running LINUX. TheE- and H- attachment modes and 25 entire-domain basis functions were
plane co-polar and cross-polar far-field radiation patterns warsed. The impedance bandwidth achieved here is suitable for
measured and are very similar to a conventional patch radiatimost digital cordless systems [14]. The radiation patterns of
characteristics. Comparisons of these measured values andtieeshorted ring were measured and are very similar to those
predicted results for th&-plane andH -plane co-polar patterns presented in [11] for a shorted circular patch. For the sake
are shown in Fig. 4. Both the measured and predicted cros$-brevity these patterns will not be given here. The gain of
polarization levels are greater than 20 dB below the pe#hke antenna is measured as 3.5 dBi compared to a theoretical
values in both planes. The gain of the stacked configuratigalue of 3.6 dBi.
is measured as 8.2 dBi, compared to a theoretical value oft is interesting to compare the properties of the shorted

8.5 dBi. annular ring with previously presented shorted patches [11].
. Using the same dielectric materials, the outer radius of the
B. Shorted Annular Ring shorted ring is slightly smaller than the radius of a circular

Patches incorporating a single shorting post strongly coshorted patch, by approximately 5%. The bandwidth and the
pled to the feeding mechanism have been shown to be Sigin of the shorted ring are once again slightly less than
nificantly smaller than conventional and even quarter-watke circular patch version by 0.5% and 0.2 dBi, respectively.
patches [10]-[13]. These small printed antennas have been prbese results can be attributed to the smaller area of the new
posed for applications such as mobile communication handsetenna. Despite these relative shortcomings in the electrical
terminals. The single shorting post design strategy can alsofgmformance of the shorted annular ring, there is a distinct
applied to a printed annular ring to further reduce its surfaeelvantage. The gap between the shorting and feed pins is 14%
area. Importantly, as shown in [10] and [11], to accuratelyreater. This allows for easier manufacturing of the antenna
analyze such a printed antenna, attachment modes are requiredi makes it less susceptible to errors in the positioning of
to account for the current discontinuities between the pitisese pins [13]. As is shown in [11], the coupling between
and the patch conductor as well as the coupling between the feed, the shorting post and the closest radiating edge plays
shorting post and the feed. a significant role in the impedance behavior and, hence, the

Fig. 5 shows a schematic of a shorted annular ring and thige of the patch. Like the stacked patch case considered
input impedance variation of such an antenna using 10-nearlier, the annular ring has another degree of freedom that
51 HF Rohacell foam as the substrate. The dimensions of t@ntributes to the impedance behavior, namely, the inner
structure are given in the figure caption. As seen from thadius of the conductor. Thus the strong capacitive coupling
measured and predicted impedance loci, very good agreenreguired for a shorted patch to operate can be distributed
is evident. The predicted and measured 10-dB return lomsongst all these variables. It is shown in [11] that for
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minimum area the shorting pin must be located closest to orfg] J. T. Aberle, “Analysis of probe-fed circular microstrip antennas,” Ph.D.

iati it i dissertation, Univ. Massachusetts, Amherst, MA, May 1989.
of the radiating edges of the patch. However, it is also show M.-J. Tsai and N. G. Alexopoulos, “Electromagnetically coupled mi-

that for maximum spacing between the fe_e‘d and shorting pins,” ¢rostrip ring-type antennas of arbitrary shag&EE Antennas Propagat.
the feed should be located nearest to this edge. Hence, for a Soc. Int. SympNewport Beach, CA, July 1995, pp. 684—687.

; : ; ; ] R. B. Waterhouse, “Small microstrip patch antenngléctron. Lett,
circular or rectangular patch configuration, a compromise mudp vol. 31, pp. 604605, Apr. 1995.

be made. However, by using an annular ring both criteriqfi] R. B. Waterhouse, S. D. Targonski, and D. M. Kokotoff, “Design
may be achieved. Here, the feed pin is located nearest the and performance of small printed antennalEEE Trans. Antennas

: : : Propagat, vol. 46, pp. 1629-1633, Nov. 1998.
inner edge and the shorting pin located near the outer edge[l% I. Park and R. Mittra, “Aperture-coupled small microstrip antenna,”

the ring. This creates a shorted patch of minimal area as well' Electron. Lett, vol. 32, pp. 1741-1742, Sept. 1996.
as acceptable spacing between the pins. [13] R. B. Waterhouse and D. M. Kokotoff, “Novel technique to improve the
manufacturing ease of shorted patcheditrowave Opt. Technol. Lett.
vol. 17, pp. 37-40, Jan. 1998.
IV. CONCLUSION [14] F. Ali and J. B. Horton, “Introduction to special issue on emerging
] ) o commercial and consumer circuits, systems, and their applications,”
The input impedance and radiation performance of probe- IEEE Trans. Microwave Theory Techvol. 43, pp. 1633-1638, July
fed annular microstrip antennas has been investigated. A 199
rigorous numerical model based on a full-wave spectral-
domain moment-method solution has been used. To properly
account for the connection between the probe feed and the
patch, a special attachment mode has been derived and uBedd M. Kokotoff received the B.S.E.E. degree from Lafayette College,

. . - .Easton, PA, in 1985, the M.S.E.C.E. degree from the University of Massachu-
Besides ensuring the continuity of current at attachment po'ﬁftts, Amherst, in 1987, and the Ph.D. degree from Arizona State University,

this expansion mode also accounts for the singular natureTeipe, in 1995.
the current about this point. Due to the inhergnsymme- From 1987 to 1992, he was employed by Atlantic Aerospace Electron-

: . . . ics Corporation, Greenbelt, MD, as a member of the Advanced Antenna
try of the structure, the two-dimensional spectral Integratl(givelopment Group. Since completing his Ph.D., he has been a Lecturer

can be reduced to a single integration. This yields a larg@n the Department of Communication and Electronic Engineering, Royal
computational savings as Compared to the Spectra|_d0myi¢1boumeInstitute of Technology (RMIT) University, Melbourne, Australia.

. His professional interests focus on applied electromagnetics emphasizing
moment-method solution of rectangular prObe fed patch. computer-aided design of antennas, microwave, and optical devices.

Measured results for both the stacked and shorting post
cases are presented and compare well with this theory. In
particular, the high-impedance nature of the probe-fed annular

ring and the constant impedance versus substrate thickness

; ; : ames T. Aberlereceived the B.S. and M.S. degrees in electrical engineering
for the dominant TM, mode is used advantageously in thérom the Polytechnic Institute of New York (now Polytechnic University),

stacked configurations. Impedance bandwidths in excessg@fokiyn, in 1982 and 1985, respectively, and the Ph.D. degree in electrical
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annular ring has the advantage of a larger spacing (14%y was a Graduate Research Assistant at the University of Massachusetts

between the probe and shorting pin with virtually identicdfom 1985 to 1989, where he developed and validated computer models
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