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Abstract—This work analyses a low-profile, broadband 
monopole patch antenna (which we call the Annular Coupled 
Patch) using Characteristic Mode Analysis. The full structure is 
divided into two resonators: a cylindrical cavity and annular 
PIFA, which are electromagnetically coupled by the fringing fields 
about the annular ring of vias separating the two resonators. The 
analysis shows that Coupled Mode Theory accurately models the 
resonances of the full, coupled structure.  The modal behavior is 
compared and contrasted with several other antennas that are also 
well-modeled by Coupled Mode Theory .
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I. INTRODUCTION

The annular coupled patch (ACP) geometry is a low-profile 
structure that provides an omni-directional, monopole-like 
pattern with wide impedance bandwidth [1]. This paper uses 
Characteristic Mode Analysis (CMA) to analyze this geometry 
in a new way wherein the geometry is decomposed into two 
coupled resonators: a cylindrical cavity and annular PIFA. 
Fringing fields about the vias couple the two resonators, thereby 
providing wide impedance bandwidth (BW). Coupled Mode 
Theory (CMT) accurately describes the behavior of the coupled 
structure.

CMA [2] is a modal decomposition based on the method of 
moments (MoM) wherein a real, orthogonal basis 𝐽𝑛 results from 
[𝑋] 𝐽𝑛 = 𝜆𝑛 [𝑅] 𝐽𝑛 where [𝑍] = [𝑅] +𝑗[𝑋] is the MoM 
impedance matrix and 𝜆𝑛 is the eigenvalue [1]. Currents driven 
by a source can be expressed as a sum of modes: 𝐽total = ∑𝑛 𝛼𝑛𝐽𝑛 
where 𝛼𝑛 are the modal weighting coefficients (MWCs) [2]. 
Thus, the driven admittance of a structure is the sum of all modal 
admittances. CMT describes the dynamics of a system of two 
coupled resonators as the superposition of two coupled modes, 
a lower-frequency in-phase and a higher-frequency anti-phase 
mode. The coupled mode frequencies 𝜔± = 2𝜋𝑓± are related to 
the uncoupled mode frequencies 𝜔1,2 = 2𝜋𝑓1,2 by [3]:

Fig. 1. Annular Coupled Patch geometry; (𝑟1, 𝑟2, ℎ, 𝑑1, 𝑑2) = (10.9, 15.4, 
2.54, 0.38, 0.53) mm; ϵr = 3.55ϵ0 There are N=12 shorting vias at radius 𝑟1 
equally distributed in angle.

𝜔± = 𝜔0 ± 𝜔2 ― 𝜔1
2

2
+ |𝐾|2 (1)

where 𝜔0 = (𝜔2 + 𝜔1)/2 and 𝐾 is an un-normalized coupling 
coefficient.

II. CHARACTERISTIC MODE ANALYSIS

The geometry of Fig. 1 is solved in FEKO, a MoM code 
with CMA. A 1V gap source is located at the base of the center 
feed probe and is used for the driven solution excitation as well 
as for calculating modal admittances and modal weighting 
coefficients. The substrate is modeled as 𝜖𝑟 = 3.55𝜖0; the 
dielectric and conductors are modeled as ideal.

The 6 dB return loss bandwidth is 4.51 ― 6.49 GHz, with 
band center at 5.5 GHz. There are several modes resonant near 
the impedance bandwidth, however, the modal weighting 
coefficients indicate that only two modes, modes 1 and 9, are 
strongly excited, as shown in Fig. 2. Eigenvalue crossing 
avoidance is evident; this phenomenon has been associated with 
coupled mode theory [4]. The modal charge distributions for 
these modes are shown in Fig. 3; in-phase and anti-phase 
relationships between the charge polarities with respect to their 
ground plane images on the patch outer edge and the center 
region are evident; such charge distributions are evidence of 
coupled mode phenomenon [5]-[8].
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Fig. 2. CMA mode 1 and 9 eigenvalues and modal weighting coefficients.

Fig. 3. Charge distributions for (a) mode 1 and (b) mode 9 near their 
respective resonances show in-phase and anti-phase relationships.  Side views 
are shown at bottom.

Fig. 5. The sum of mode 1 and 9 admittances replicates that of the driven 
problem.  The grey arrows mark 5.9 GHz as discussed in Section V.

Fig. 4. 𝜃-polarized radiation patterns for (a) mode 1 and (b) mode 9 near 
their respective resonances; both patterns are monopole-like with negligible 
cross-polarization.

Fig. 2 shows that modes 1 and 9 are resonant (𝜆𝑛 = 0) at 𝑓―
= 4.79 GHz and 𝑓+ = 6.50 GHz with modal 𝑄’s of 11.6 and 

10.1, respectively. The similar modal 𝑄’s imply that both the 
in-phase and anti-phase modes contribute equally to radiation. 
Fig. 4 shows that both modes have a monopole-like radiation 
pattern. Fig. 5 indicates that the sum of the mode 1 and mode 9 
admittances approximates the full-wave driven admittance 
locus and confirms that modes 1 and 9 are the only significant 
modes in this geometry.

III. UNCOUPLED RESONATORS

Given the preceding, we recognize two distinct resonators 
within the full geometry: an inner cylindrical cavity whose 
vertical wall is comprised of the ring of vias at 𝑟1 and an outer 
annular planar inverted-F antenna (PIFA) whose shorting wall 
is formed by the ring of vias at 𝑟1. Both are shown in Fig. 6; 
CMA these geometries yields uncoupled resonant frequencies 
𝑓cavity = 5.51 GHz ≡ 𝑓2 and 𝑓PIFA = 5.17 GHz ≡ 𝑓1 with 𝑄 
of 64 and 8.8, respectively. The significantly lower 𝑄 of the 
annular PIFA implies that it provides the primary radiation 
mechanism whereas the cavity radiates comparatively little. 
Because of the azimuthal symmetry, the annular PIFA radiation 
pattern is monopole-like.

Fig. 6. Uncoupled resonator geometries: (a) cylindrical cavity and (b) 
annular PIFA. The infinite ground plane is not shown. The green wedge 
volumes show the volumes over which modal near-fields are calculated in 
order to calculate the coupling between the two resonators.



IV. RESONATOR COUPLING & COUPLED MODE THEORY

The normalized coupling coefficient 𝜅 between the isolated 
resonators may be calculated via [9]:

𝜅 = 𝜅𝑒 + 𝜅𝑚 =
∫ 𝜖𝐸1 ∘ 𝐸2 𝑑𝑉

𝑊𝑒1𝑊𝑒2
+

∫ 𝜇𝐻1 ∘ 𝐻2 𝑑𝑉
𝑊𝑚1𝑊𝑚2

(2)

where 𝑊𝑒1,2 = ∫ 𝜖|𝐸1,2|2𝑑𝑉, 𝑊𝑚1,2 = ∫ 𝜇|𝐻1,2|2𝑑𝑉 and 𝐸1,2
and 𝐻1,2 are the resonant modal near-fields of the uncoupled 
resonators. Due to the azimuthal symmetry present, resonant 
modal near-fields of each uncoupled resonator are calculated 
only within the wedge-volumes shown in Fig. 6 in cylindrical 
coordinates.  The wedge volume extends 10 mm beyond 𝑟2, is 5
ℎ in height, and subtends an angle of 360°/12 = 30°; there are 
(67, 17, 50) samples in the (𝜌,𝜙,𝑧) directions, respectively, or 
56,950 total near field points. In addition, the mesh is refined 
within the wedge volume to produce high-quality data for field 
points near the conductors.

From (2), the nearfields give 𝜅𝑒 = ―0.108 ―  𝑗0.033 and 
𝜅𝑚 = 0.316 ―  𝑗0.022; the coupling is thus predominantly 
magnetic and |𝜅| = 0.214. Using 𝐾 ~ 𝜅𝜔0/2 [5], the coupled 
mode theory resonances of the combined structure are 
estimated using (1). These may be compared against the CMA-
calculated coupled resonances 𝑓± of the Fig. 1 geometry. As in 
[7], a special geometry is used for calculating 𝑓cavity to 
modestly improve the agreement between the CMT estimate 
and CMA results. The special geometry is equivalent to 
increasing the annular PIFA radius to infinity (similar to what 
was done in [5]). The is justified in that when the cavity 
resonator is combined with the annular PIFA, the capacitive 
parasitic at the cavity circular edge at 𝜌 = 𝑟2 ∩  𝑧 = ℎ is 
reduced; this can be emulated—while eliminating the annular 
PIFA resonance—by increasing 𝑟2 in Fig. 1 to infinity. The 
resonance calculated via this method is 5.73 GHz, about 4% 
higher than the resonant frequency of the Fig. 6(a) geometry.

The resulting CMT estimate for the in-phase coupled mode 
is 𝑓― = 4.80 GHz and is nearly identical to the CMA-
calculated value of 4.79 GHz. The CMT estimate for the anti-
phase coupled mode is 𝑓+ = 6.11 GHz, about 6% lower than 
the CMA-calculated value of 6.50 GHz.

V. DISCUSSION & COMPARISON TO OTHER ANTENNAS

We now compare the modal behavior of the ACP geometry 
to that of other multi-modal patches also well-modeled by 
CMT: the U-slot patch [5], the E-shaped patch [6], stacked 
patches [7] and coplanar parasitically coupled patches [8]. Like 
[5] and [6], the in-phase and anti-phase modes of the ACP have 
similar, low 𝑄’s and similar radiation patterns, which provide a 
stable radiation pattern throughout the impedance bandwidth. 
Similar to [5] and [6], but unlike [8], in the ACP geometry one 
resonator (the cavity) radiates poorly and thus does not perturb 
the radiation pattern of the other resonator (the annular PIFA) 
when the currents are anti-phase at the upper range of the 
impedance bandwidth. 

However, unlike [5] & [6] yet similar to [7] & [8], within 
the ACP impedance bandwidth the anti-phase mode (mode 9) 

impedance is predominantly reactive with much higher 𝑄 than 
the in-phase mode (mode 1). By 5.9 GHz, the admittance locus 
loop responsible for broad bandwidth has already significantly 
formed (see Fig. 5); below 5.9 GHz mode 9 is very reactive. 
Interestingly, the admittance of mode 1 begins to change 
trajectory around 5.2 GHz. At 5.9 GHz, both modes 1 and 9 
suddenly change trajectory. This phenomenon is likely related 
to changes in modal current distributions associated with the 
eigenvalue crossing avoidance [4]. A similar phenomenon was 
observed in the stacked patch geometry [7], where the driven 
resonator (the lower patch) was interpreted to “double tune” 
[10] the primary radiating resonator (the upper patch).  In this 
regard, the ACP is similar; we interpret the cylindrical cavity as 
a matching resonator and the annular PIFA as the radiating 
resonator.

VI. CONCLUSION

The annular coupled patch was analyzed with CMA; in-
phase and anti-phase modes were shown to explain its 
broadband impedance. The geometry was decomposed into two 
resonators, a cavity and an annular PIFA. CMT was shown to 
model the coupled resonances of the combined geometry well. 
This insight can be used to develop a first-principles design 
methodology for the ACP and to suggest new antenna 
structures with desirable properties.
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