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ABSTRACT The co-existence of millimeter-wave (mm-wave) and sub-6GHz antennas in a smartphone

presents many performance-limiting aspects. When both antennas are attached to the metal frame, the feed

lines of the mm-wave antennas might short-circuit the sub-6GHz antennas, and thus, may significantly

affect their performance. This paper presents a method to design feed lines that function as transmission

lines at mm-wave frequencies but correspond to open circuits at sub-6GHz. This study determines,

in theory, the smallest achievable capacitive loading with different line types and experimentally validates

the approach. The capacitive loading due to the feed line is small enough to maintain the sub-6GHz

performance. At the mm-wave band, the insertion loss of the line is 1 dB with a measured reflection

coefficient below −10 dB. The introduced common-mode capacitive load of the feed line on the sub-6GHz

antennas corresponds to 0.19 pF capacitance.

INDEX TERMS Antenna co-existence, capacitance, feed line, fifth generation (5G), handset antenna, metal

frame, millimeter-wave, theory, transmission line, sub-6GHz.

I. INTRODUCTION

The fifth generation (5G) mobile networks introduce sev-

eral changes to mobile handsets. Wireless systems start to

utilize millimeter-wave (mm-wave) frequencies in the range

of 24–80GHz to achieve up to 1000 times higher network

capacity [1], [2]. Designing antennas at their current operat-

ing frequencies is insufficient; new applications build into the

same device should be considered to prevent deterioration of

antenna performance.

The current fourth generation (4G) handsets are already

packed with hardware. Multiple-input multiple-output

(MIMO) requirements call for two or four antennas at

the Long Term Evolution (LTE) bands [3]–[5]; or even

eight antennas at the sub-6GHz bands [6]–[8]. Furthermore,

in modern smartphones, the are occupied by the display

has increased considerably in the past few years, leaving

little clearance between antennas and the chassis [9], [10].

Reduced clearance significantly affects the antenna
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impedance, making it difficult to achieve high efficiency.

This effect becomes more significant as the operational

frequency decreases [11]. With the additions for supporting

5G, the space inside a handset will become more limited than

ever [12]. Hence, different antennas must share the space

inside a modern handset.

Typical smartphones have a metal frame onto which the

sub-6GHz antennas are commonly attached. As mm-wave

antennas have different operational principles, similar uti-

lization of the metal frame is not possible. The mm-wave

arrays require an opening in the frame for their radiation, as is

proposed, e.g., in [13]–[16]. However, none of these designs

account for the sub-6GHz antennas into account. Instead,

in [16], the metal frame is grounded, which affects the

sub-6GHz performance, especially at the LTE bands.

The co-existence of mm-wave and various sub-6GHz

antennas has been studied recently [17]–[23]. The typi-

cal solution is to leave sufficient room for all antennas

[18]–[22]. The MIMO requirements at sub-6GHz bands,

together with the need for mm-wave antennas on many sides

of the phone [24], require an effective utilization of the
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entire perimeter of the device. Therefore, volume sharing

is inevitable, and successful co-existence of mm-wave and

sub-6GHz antennas is an essential requirement for mobile

devices. A proof-of-concept solution, where the LTE and

mm-wave antennas are incorporated in a shared space is

presented in [17]. In that design, the plastic enclosure of the

mm-wave array insulates the metal parts of both antennas

from each other, resulting in low interference between the

antennas. In [25], single-fed mm-wave and sub-6GHz anten-

nas are connected in series and separated by a filter.

Antenna co-existence in modern handsets requires the

incorporation of mm-wave and sub-6GHz antennas within

a shared volume. Besides the sub-6GHz antennas, also mm-

wave antennas can be integrated into the metal frame, as are

the slot arrays in [13], [14]. Such integration requires careful

considerations for feeding the mm-wave antenna. Microstrip

feed lines [13], [16] are a typical solution. Furthermore,

depending on the antenna structure, studies have shown

the effectiveness of other solutions, including Butler matri-

ces [26], substrate-integrated-waveguides [27], and coplanar

waveguide-to-rectangular metal waveguide transitions on a

flexible printed circuit board (PCB) [28].

FIGURE 1. Sub-6 GHz current distribution in different situations.
(a) Sub-6 GHz antenna alone produces strong radiation. (b) Feed lines for
a frame-integrated mm-wave antenna short the frame for the sub-6 GHz
currents resulting in weak radiation. (c) The capacitively-loaded mm-wave
feed lines allow unaltered current distribution and strong radiation.

Radiating sub-6GHz currents are distributed in the frame

and the chassis, resulting in strong radiation when only the

sub-6GHz antenna is realized (Fig. 1a). Microstrip-based

mm-wave feeds are simple to implement, but they short-

circuit the frame at sub-6GHz frequencies. Fig. 1b illustrates

a situation where both mm-wave and sub-6GHz antennas uti-

lize the metal frame, showing how currents flowing through

the mm-wave feeds result in weakened radiation. We propose

a capacitively-loaded mm-wave feed line that prevents the

undesired short-circuiting (Fig. 1c). This solution allows the

sub-6GHz radiating currents to distribute similarly (as with-

out the mm-wave antenna), resulting in strong radiation.

Connection through the ground plane is another important

consideration. A high-pass filter based on coupled segments

is used as a feed line for mm-wave antennas in [29], but

in that design, the frame would still be shorted through the

continuous ground plane. In [30], an interdigital capacitor

(IDC) is also used in the ground layer to prevent shorting of

the 3.5GHz antennas. However, that design is presentedwith-

out a handset environment. This paper presents the design

principles and implementation of a coplanar transmission line

constructed of capacitively coupled segments. The coplanar

implementation ensures the frame is not shorted through

the ground plane. Capacitively coupled segments prevent

the signal flow at sub-6GHz frequencies but enable reliable

transmission at mm-waves.

The goal of this study is to design a feed line for mm-wave

antennas that maximizes its common-mode impedance by

minimizing the common-mode capacitance of the line. Thus,

the feed line resembles an open circuit, or a small capac-

itive load, that has minimal effect on sub-6GHz perfor-

mance. Atmm-waves, this design aims for the lowest possible

differential-mode insertion loss (IL).

This paper presents a theoretical analysis and design rules

for a capacitively-loaded feed line. The studied mm-wave

band is 24.25–29.5GHz. The desired electrical behavior

allows the mm-wave antennas to be integrated in the metal

frame without short-circuiting other antennas at sub-6GHz

(0.7–5.925GHz) frequencies. Such a feed line is also realized

in practice and measured to verify the theoretical analysis and

simulated performance. Furthermore, we study the effects

of the introduced capacitive load on the sub-6GHz antenna

performance.

This paper is organized as follows. Section II presents

the theoretical model for capacitively-loaded feed lines.

Section III describes the requirements for realizing the pro-

posed feed lines in practice, based on the theoretical model.

The model can provide the smallest achievable capaci-

tive loading for a given transmission line type and length.

Section IV presents the proposed practical realization with

measurement results. In Section V, we provide examples of

how the capacitive load introduced by the feed line affects the

sub-6GHz antenna performance. Finally, the conclusions are

given in Section VI.

II. CAPACITIVELY-LOADED TRANSMISSION LINE

In the following analysis, we demonstrate how to design a

capacitively-loaded transmission line and how to minimize

the capacitive loading for unit line length.

FIGURE 2. (a) Lossless transmission line and (b) its electrical equivalent
circuit.

A. THEORETICAL MODEL

Let us consider a transmission line, which is, further-

more, a lossless transverse electromagnetic (TEM) line.

An infinitesimally small length 1ℓ of the line can be repre-

sented with an electrical equivalent circuit consisting of series

inductance and parallel capacitance [31], as shown in Fig. 2.
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FIGURE 3. (a) Transmission line modified with the series capacitance and
(b) the corresponding electrical equivalent circuit.

The characteristic impedance of a lossless transmission

line is given as [31], [32]

Z0 =
√

L

C
=

√
εeff

c0C
, (1)

where C and L are the characteristic capacitance and induc-

tance of the line, respectively, over a unit length. c0 is the

speed of light and εeff the effective dielectric constant. The

characteristic series inductance over a unit length is obtained

through (1) as

L =
εeff

c20C
. (2)

To make the line function as an open circuit at low frequen-

cies, let us add series capacitors periodically. Fig. 3 depicts

the modified line. Now, the modified line impedance is

Zmod =

√

ωL + 1
ωCl

ωC
=

√

L

C
−

1

ω2CCl
, (3)

which can be rewritten as

Cl =
1

ω2(L − CZ2
mod)

. (4)

To minimize loading on the sub-6GHz antennas, we select

the smallestCl possible. However, themodified characteristic

impedance Zmod should be reasonable, which sets a condition

for Cl . In this study, we require the modified line impedance

to be 50�. In practice, any impedance could be chosen

depending on the design goals. Design frequency affects the

added series capacitance so that at higher frequency smaller

capacitance suffices as seen in (4). We are demonstrating

the theory at the 28GHz band, but the same method can be

applied to 39GHz or 73GHz bands, for example.

B. TRANSMISSION LINE TYPES

This study compares two transmission line realizations:

1) coplanar waveguide (CPW) and 2) coplanar strips (CPS).

These realizations are chosen since they are (nearly-)balanced

structures (i.e., a separate ground plane is not required), and

the addition of the series capacitance is straightforward. The

geometries of both configurations for this analysis are shown

in Fig. 4. In the analysis, we characterize the modified line

impedances after adding the series capacitance. Both lines

are on a substrate with thickness h and relative permittivity εr .

Obtaining the characteristic line impedance requires knowing

the characteristic parallel capacitance C of the line over a

unit length, which is given as C = εeffC0, where C0 is the

characteristic capacitance over a unit length of the air-filled

FIGURE 4. Geometries of the analyzed (a) coplanar waveguide and (b)
differential line structures.

structure [32]. The calculation ofC0 depends on the geometry

of the line realization.

1) COPLANAR WAVEGUIDE

From the geometry shown in Fig. 4a, we define the width

of the centerline as w1, the widths of the outer strips as w2,

and the gaps between the lines as d . Moreover, to simplify

the equations, we define xa = w1/2, xb = xa + d , and xc =
xb+w2. The characteristic parallel capacitance C0 over a unit

length for CPW is defined as follows [32]

C0 = 4ε0
K (k ′)

K (k)
, (5)

where K () is the complete elliptic integral of the first kind.

2) COPLANAR STRIPS

Similar to CPW, the line width of CPS is w, and the gap

between the lines is d , as seen in Fig. 4b. Thus, xa = d/2

and xb = xa + w. The characteristic line capacitance is

given as [32]

C0 = ε0
K (k)

K (k ′)
. (6)

In practice, transmission lines are realized with dielectrics

involved, whether the realization is a coaxial cable or

microstrip line. The equations presented above for CPW and

CPS are valid for air-insulated structures, but lines imple-

mented on PCB are typically on an interface between the

substrate and air. Provided the interface and finite dimensions

of the structure, we have an effective dielectric constant εeff,

which is given for a single dielectric layer as [32]

εeff = 1 +
1

2
(εr − 1)

K (k)K (k ′
1)

K (k ′)K (k1)
. (7)

Variables k , k ′, k1, and k ′
1 in (5)–(7) are defined as

described in [32] for both line types. Equation (7) can be

modified for multi-layer substrates as well [32].

139682 VOLUME 8, 2020



J. Kurvinen et al.: Capacitively-Loaded Feed Line to Improve mm-Wave and Sub-6 GHz Antenna Co-Existence

TABLE 1. Parameter values and calculated characteristics for
transmission line comparison.

FIGURE 5. Modified line impedance after adding series capacitance.
Dashed lines show the reference line impedances of ordinary CPS and
CPW lines with the same dimensions.

C. MODIFICATION WITH SERIES CAPACITANCES

Let us now compare CPW and CPS when the series capaci-

tance is added. Line parameters are listed in Table 1. In both

cases, the values are selected to have a similar order of mag-

nitude. Additionally, the line dimensions should be manufac-

turable. Furthermore, Z0 must be more than 50� to achieve

that as the modified line impedance, as (3) indicates.

With the given values, we use the presented equations to

calculate the characteristic capacitance and inductance for

both lines. The value for the series capacitance is obtained

with (4) at point-frequency. The modified line should be a

transmission line at mm-wave frequencies, and thus, the value

is calculated at 27GHz. The value isCl,CPW = 260 fF·mm for

CPW and Cl,CPS = 95 fF·mm for CPS with these dimensions

when Zmod = 50�. Fig. 5 shows how the series capacitance

affects the line impedance. As the added series capacitance

increases (i.e., the added impedance resembles a short cir-

cuit), the modified line impedance approaches the impedance

of an ordinary CPW or CPS with the same dimensions.

Therefore, the higher the added capacitance, the less it affects

FIGURE 6. Effect of (a) the gap between the lines and (b) the dielectric
constant on the capacitively-loaded transmission line. Solid lines are
CPW, and dashed lines are CPS.

the mm-wave performance. However, the smaller the added

capacitance, the less the sub-6GHz antennas are affected.

We are looking for the smallest possible series capacitance

that satisfies both conditions.

D. PARAMETRIC STUDY

The characteristics of CPW and CPS depend on many param-

eters, the most critical of which is the gap between the

lines d . We have selected the values shown in Table 1 so

that they can be manufactured in practice. For further insight,

we show how the line gap d and the dielectric constant

εr affect the capacitively-loaded line. Fig. 6 displays the

results. A larger gap or lower permittivity allow for the

addition of smaller series capacitance to achieve a certain

line impedance. Varying the permittivity causes a reduced

effect compared to changing the gap. Generally, the smaller

the added series capacitance, the more suitabler it is for

the sub-6GHz antennas. However, the practical aspects of

a smartphone environment prefer smaller structures. Thus,

we have selected the gap to be 0.1mm.

As seen in Table 1, the calculated characteristic values

differ significantly between the line types. To reach the

same characteristic impedance, either d of CPS should be

decreased or d of CPW increased remarkably (see Fig. 6a).

In both cases, however, the practical realization would be

unrealistic. With the chosen values, CPW introduces more

capacitance than CPS, and hence, it requires larger series

capacitance per unit length.
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As the introduced common-mode capacitance is higher

with CPW implementation, it is more likely to cause unde-

sired short circuits for the sub-6GHz antennas. Furthermore,

we are measuring the practical implementation with ground-

signal-ground (GSG) probes and want to avoid transitions to

other line types. Therefore, we are now focusing on CPW

lines. Smaller capacitive loading could be achieved with a

CPS structure. If transitions are required, implementing them

would be a straightforward process [33]–[36].

III. FROM THEORY TO PRACTICE

The model presented in Section II assumes infinitesimally

short line segments. However, in practice, the line segments

have a finite length. Next, we study how long the segments

can be so that the theory still holds. We utilize ABCD-

parameters [31] to evaluate the accuracy of the proposed

model and to find the realizable practical design.

FIGURE 7. Circuit model used for the calculations with the
ABCD-parameters.

From the ABCD-parameters of the transmission line

section and series capacitance (see Fig. 7), we get the input

impedance of the circuit terminated with load ZL . Input

impedance Zin as a function of the line’s electrical length θ

can be written as

Zin(θ ) =
ZL cos θ + Z0 sin θ + ZC cos θ

Y0ZL sin θ + cos θ + ZCY0 sin θ
(8)

where Z0 is the characteristic impedance of the line and

Y0 = 1/Z0. The load impedance is ZL = 50�. The electrical

length is obtained with the wave number β and physical line

length ℓ as θ = βℓ = 2π
λ

ℓ.

The effect of additional series capacitances is shown in the

last terms of (8), where

ZC =
1

ωCmod
, (9)

where the added series capacitance is Cmod = Cl,CPW/ℓ. The

value of the added capacitance changes with the transmission

line section length, as the capacitance over unit lengthCl,CPW
is kept constant. For a 50-� line, we calculated thatCl,CPW =
0.26 pF·mm (see Section II-C).

The reflection coefficient at the input of the line connected

to a 50-� generator is obtained as

Ŵ(θ ) =
Zin(θ ) − 50�

Zin(θ ) + 50�
. (10)

Similarly, IL is obtained as

IL(θ )(dB) = −10 log10 (1 − |Ŵ(θ )|2). (11)

FIGURE 8. Reflection coefficient and insertion loss of a discretized
capacitively-loaded transmission line section (shown in the inset) as a
function of electrical length at 27 GHz. The value of the series capacitance
Cmod depends on the line length θ .

Fig. 8 shows the reflection coefficient and the IL for

a discretized capacitively-loaded transmission line section

(depicted in the inset) at 27GHz. As described above, for each

plotted section length θ , the value of the added series capac-

itance Cmod is different as the capacitance for unit length is

kept constant. Hence, it is evident that longer line sections

quickly increase the losses of the line. If the section length is

around 60◦, the reflection coefficient is well below −10 dB,

and the IL is less than 0.3 dB.

At the sub-6GHz range, where the wavelength is much

longer compared to the mm-wave band, the transmission line

sections are electrically so short that they can be neglected.

The smaller the Cmod value, the higher its impedance

becomes, resulting in amore accurate resemblance of an open

circuit. Moreover, if n capacitances are used periodically in

series, the total capacitance is reduced as Cmod/n.

FIGURE 9. Simplified model of a capacitively-loaded transmission line
with few capacitances periodically. The same model is simulated in AWR
with a line section length θ and capacitance Cmod for a various number of
segments.

The electrical length of 60◦ in this setup corresponds to

physical length ℓ = 1.25mm. The total line length of the

practical implementation should be around 5mm so that it

fits easily inside a mobile device. That sets an assumption

that four 60◦-long, or three slightly longer, segments should

be used. Next, to determine the validity of our assumptions,

we use NI AWR Microwave Office to test with ideal capac-

itance and transmission line models. We test a number of

transmission line sections and series capacitances with a

simplified model (shown in Fig. 9). Each line section has

the characteristics presented in Table 1, with an electrical

length of θ = 60◦ and each added series capacitance is set

to Cmod = Cl,CPW/ℓ = 0.208 pF. As the section length is

kept constant, it is clear that the total line length increases as

the number of sections increases.
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FIGURE 10. Scattering parameters of an ideal capacitively-loaded feed
line with a different number of segments. Solid lines are transmission
coefficients |S21| and dashed lines are reflection coefficients |S11|.

Fig. 10 reveals how the number of sections affects the

performance when the section length is 60 degrees. The AWR

simulation confirms our assumption that n = 4 sections

are required with that section length, as a strong resonance

at the desired band with no noticeable transmission losses

is obtained. When n ≥ 3, both strong and wide resonances

are seen around the desired band. These section numbers

could also be used. However, the section length and the value

of Cmod should be adjusted to maintain the required series

capacitance for unit length. For example, with n = 3 sections,

a strong resonance is obtained with θ = 70◦. However, longer
sections increase the reflection losses significantly. If more

than four sections are required, then the complexity increases,

which complicates the practical realization. In our case, four

sections provide suitable performance and are still realizable

in practice.

Let us summarize the design steps. The goal is to design

a line with a total length of around 5mm. Based on the line

characteristics, a line section around 60◦ long can compensate

for one series capacitance. According to the AWR simula-

tions, at least three segments are required for adequate per-

formance. However, using more and shorter sections gives us

more freedom in the design. Furthermore, using more series

capacitances decrease the total common-mode capacitance,

which is beneficial for sub-6GHz performance.

IV. PRACTICAL REALIZATION OF CAPACITIVELY-

LOADED FEED LINE

For practical implementation, we use the studied CPW struc-

ture. Capacitive loading is realized by introducing series gaps

to the three conducting strips of the CPW. The adjacent

line segments are realized on different layers of the PCB

(see Fig. 11a) to increase the capacitive coupling between the

segments by overlapping them.

In our theoretical model, we assume a lumped capacitor

and, according to the theory, the series capacitance should

be precisely at the intersection of two segments. However,

realization of the series capacitance in such a manner is not

possible. Instead, the proposed feed line is realized on amulti-

layer PCB, and the gap acting as the capacitor is distributed

slightly across two metal layers. The simplified side view of

FIGURE 11. (a) Visualization of the multi-layer implementation of the
CPW with series capacitances between the layers. (b) Simplified side view
of the manufactured capacitively-loaded feed line. Overlapping
transmission line segments serve as the series capacitances. For clarity,
the illustrations are not to scale. All dimensions are in mm.

the manufactured feed line is shown in Fig. 11b. This line

is used in practice in [37] in which the antenna realization

requires a complicated multi-layer structure. The same PCB

is used here. Thus, for manufacturing reasons, the practical

realization differs slightly from the simple model used in the

theoretical study in Section II.

Fig. 11b shows that the feed line uses only two

0.02 to 0.035-mm thick metal layers, whereas the antennas

in [37] require six metal layers. Hence, the non-uniform

substrate permittivity may seem unjustified but is required by

the antennas. More details on the PCB are given in [37].

The capacitance introduced by the interleaved gap is

approximated with the parallel-plate capacitor model as

Ci = ε0εr
wi × l

h
, (12)

where wi is the line width, l is the length of the overlap, h is

the height of dielectric between the lines, εr is the relative

permittivity of the dielectric, and ε0 is the vacuum’s permit-

tivity. The line dimensionswi, l, and h are optimized such that

the capacitance value is reasonably small and in line with the

theory. These optimizations help to achieve good simulated

performance. Electromagnetic (EM) simulations are run in

CST Microwave Studio. The final dimensions are shown

in Figs. 11a and 11b, resulting in a total line length of 4.9mm.

With these values, the series capacitance is C1 = 0.22 pF in

the center conductor and C2 = 0.27 pF in the outer lines,

which are close to the theoretical values.

A. MEASUREMENTS

For the measurements, we extend the designed feed lines

with grounded-CPW (GCPW) sections, as seen in Fig. 12a.
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FIGURE 12. (a) Manufactured prototype of the capacitively-loaded feed
line, where dashed areas indicate the GCPW sections required for the
measurement. (b) Measurement setup in the GSG probe station.

FIGURE 13. S-parameters of the proposed capacitively-loaded feed line
structure. The simulated (solid lines), measured (dashed lines), and
theoretical (dotted lines) results are in agreement.

Fig. 12b shows the measurement setup of the line prototype

in the GSG probe station.

Fig. 13 shows the measured and simulated S-parameters of

the practical feed line implementation. The results show that

the designed capacitively-loaded line works as desired and

in agreement with the simulations and measurements. At the

mm-wave band, the structure has a strong, wide resonance

with a matching level below −10 dB across the full oper-

ational band. At mm-wave frequencies, the measured S21
is greater than −2 dB. Simulations indicate that about 1 dB

of the losses take place in the GCPW sections highlighted

in Fig. 12a. We assume that losses are distributed in the same

manner in the practical line as well, in which case the IL of

the capacitively-loaded line would be on the order of 1 dB.

Furthermore, we have adjusted the parameters of the theoret-

ical model in AWR to correspond to the prototyped structure.

The realized performance follows the theoretical model quite

well. It should be noted that the theoretical model is lossless,

does not include thickness or roughness of the metal, and

assumes ideal series capacitors. These factors are considered

in EM simulations as they are unavoidable in measurements.

At the sub-6GHz band, the measured S21 is below−17 dB.

However, this result is for the differential propagation mode,

which eventually would not be excited at this frequency range

in the mobile-phone environment.

B. STATE-OF-THE-ART COMPARISON

To the best of our knowledge, non-ordinary mm-wave

feed lines have been previously published in [29], [30].

Non-ordinary means that the transmission line, regardless of

the line type, consists of non-continuous metal conductors.

In [29], the authors use a coupled microstrip line to create a

high-pass filter, and in [30], an IDC is implemented as part

of the feed line. The goal of this and the other two papers

is to allow co-existing mm-wave and sub-6GHz antennas in

handsets.

All three lines have a wide frequency range. The pro-

posed line can cover the entire 5G band at 24.25–29.5GHz.

It should be noted that the band of [30] is expressed with the

antenna array, whereas the other two indicate the performance

of the line alone. Therefore, the IL of [30] is unavailable.

The losses of the proposed line are less than those of the line

in [29], which presents only simulation results. Additionally,

the continuous ground plane in [29] would significantly dete-

riorate the sub-6GHz performance. The compared figures of

merit are summarized in Table 2.

TABLE 2. Comparison with the State-of-the-art mm-wave feed lines.

V. CAPACITIVE LOAD ON SUB-6 GHz ANTENNA

This paper presents capacitively-loaded feed lines as

a method to avoid short-circuiting sub-6GHz antennas.

However, the introduced feed line causes additional common-

mode capacitive loading on the sub-6GHz antenna, which

might degrade performance. To study this effect, we use a

simple capacitive coupling element (CCE) antenna structure,

which is easily integrated into the metal frame [4], [17]. The

antenna structure is shown in Fig. 14. The mm-wave feed is

modeled as an ideal capacitance Ctot between the frame and

the main body. The phone size is 75 x 150mm2 with a ground

clearance of 2mm.

To study the effect of the capacitive loading caused

by the mm-wave feed line in the sub-6GHz antenna,

we vary the capacitance values and mm-wave feed locations.
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FIGURE 14. The capacitive coupling element structure used to study
capacitive loading of sub-6 GHz antenna. Ctot denotes the capacitive load
introduced by the mm-wave feed. All dimensions are in mm.

FIGURE 15. Bandwidth potentials at (a) 830 MHz, (b) 2.2 GHz, (c) 3.6 GHz,
and (d) 5.5 GHz as the function of the loading capacitance distance for
several loading capacitances. The dashed lines denote bandwidth
potential levels without the mm-wave feed.

Bandwidth potential of the antenna was calculated in Optenni

Lab for all data pairs. Bandwidth potential describes the

largest obtainable symmetric bandwidth with an L-section

matching circuit at a certain matching level [38], [39] and

is often used to evaluate the potential of different antenna

designs at an early stage. We calculate the bandwidth poten-

tials at a matching level of −6 dB. Fig. 15 shows the obtained

results with several capacitance values and different distances

between the sub-6GHz and mm-wave feeds at 830MHz,

2.2GHz, 3.6GHz, and 5.5GHz.

The results show that the antenna is tolerant of a capacitive

load below 0.1 pF throughout the studied frequency range.

As the operating frequency increases, the distance between

the mm-wave and sub-6GHz feeds becomes a critical param-

eter. The introduced capacitive load may enable more band-

width (e.g., at 3.6GHz or 5.5GHz regions). Moreover,

at higher sub-6GHz bands, the antenna tolerates higher

capacitances. However, the performance can deteriorate

remarkably if the mm-wave feed is not located properly.

We emphasize that the intent of our capacitively-loaded feed

line is not to affect the sub-6GHz antennas. If loading the

line is desired, let it be capacitive, inductive, or resistive,

it can be added without anyhow affecting the mm-wave

antenna.

At the 830MHz region (i.e., the traditional LTE low band),

it is clear that as the capacitive load increases, the antenna

performance weakens significantly, especially when the dis-

tance between the feeds increases. Loading the CCE antenna

at different locations affects its electrical length, which, in this

case, causes the bandwidth potential to deteriorate. The same

applies to higher frequencies where certain loads enhance the

performance.

FIGURE 16. Approximation of the common-mode electrical equivalent
circuit for practical implementation of the proposed feed line.

To evaluate the total common-mode capacitance of the

designed capacitively-loaded feed line, let us use an approx-

imated electrical equivalent circuit presented in Fig. 16.

C1 denotes the capacitances in the center conductor of the

CPW and C2 in the outer conductors. In the presented design,

C1 = 0.22 pF, andC2 = 0.27 pF. Hence, the total capacitance

of such a circuit is Ctot = C1/4 + C2/2 = 0.19 pF.

To confirm the capacitance approximation, let us apply the

designed feed line section to the simulation model shown

in Fig. 14 such that it replaces the ideal capacitance model.

The 2-mm clearance is extended locally to 5mm to fit the

designed feed line. The same approach is used in [37]. Next,

we compare the bandwidth potentials of the antenna with the

real line and the ideal 0.19 pF capacitance. The distance x

between the designed feed line and the sub-6GHz feed is set

to 20mm, as Fig. 15 suggests it as an ideal trade-off distance

for all sub-6GHz bands. Furthermore, we are now focusing

on the LTE low band (LB, 700–960MHz) because it is the

most critical band to be negatively affected by the mm-wave

feed line, as Fig. 15 suggests.

Fig. 17 shows that the approximated common-mode capac-

itance of the realized line is accurate, as the difference in

an ideal capacitance is quite small. A comparison against a

reference CCE antenna without any capacitive load shows

that the line does not significantly affect the performance.

For additional comparison, we have shorted the metal frame,

which has a significant effect on the achievable bandwidth.

Fig. 18 depicts the antenna impedance on a Smith chart

at the LB for the reference CCE and the proposed feed

line. The difference between the two impedances is negli-

gible and confirms that the capacitive load caused by the

feed line does not remarkably affect the LB performance.
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FIGURE 17. Effects of different loads on the bandwidth potential of
sub-6 GHz antenna.

FIGURE 18. Antenna impedance at the low band on Smith chart.

Hence, using a capacitively-loaded mm-wave feed line

enables the integration of themm-wave and sub-6GHz anten-

nas into the same metal frame of a handset.

VI. CONCLUSION

This paper presented the design rules of a capacitively-

loaded feed line for mm-wave antennas in mobile devices.

The designed feed line behaves like a transmission line at

the mm-wave band while appearing as a small common-

mode capacitive loading to the sub-6GHz antenna. Thus,

the proposed method enables the integration of mm-wave

and sub-6GHz antennas in the metal frame of a modern

smartphone such that the two antennas share the same struc-

ture. To confirm the theory, we developed a model initiating

from basic transmission line theory and implemented a line

section in practice. The realized structure showed strong

agreement between the simulations andmeasurements. At the

mm-wave band, the measured reflection coefficient is below

−10 dB, and the IL is around 1 dB. The common-mode

capacitive load introduced to the sub-6GHz antenna is only

0.19 pF, which is still tolerable. The proposed feed line design

method can be used for several transmission line types and

dimensions, resulting in the smallest possible capacitive load

over unit length for the given situation. The presented feed

line is a promising approach for enhancing the co-existence

of mm-wave and sub-6GHz antennas in mobile devices.
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