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I. INTRODUCTION 

Global IT companies have recently launched new smartphone 

models capable of 5G wireless communication using millimeter-

wave (mmWave) frequency bands. These mmWave 5G smartphones 

typically include two or three antenna-in-package modules posi-

tioned in the backplane of the motherboard or the side bezel area to 

enable 5G communication with wide beam coverage [1–4]. 

To further expand the antenna space and beam coverage, a 

new antenna concept called antenna-on-display (AoD) has been 

proposed. In AoD, antennas are integrated into the front glass of 

smartphones and other display-equipped devices [5–9], as 

shown in Fig. 1(b). Notably, since AoD patch antennas are usu-

ally stacked on the OLED panel, they are composed of optically 

transparent conductors (TCOs) to maintain invisibility. Typical 

TCOs are mesh-grid metal patterns [10–13] or transparent 

conductive materials, such as indium tin oxide [14, 15]. However, 

AoD antennas suffer from low radiation efficiency owing to the 

high conductor loss of TCOs, which are used for both radiators 

and feedlines [8]. Additionally, the complex OLED panel, 

which can be considered an imperfect PEC ground, further 

degrades antenna performance. 

Following the introduction of AoD, another display antenna 

concept termed antenna-in-display (AiD) was proposed [16, 

17]. Unlike AoD, the radiator of an AiD folded dipole antenna 

(FDA) is embedded within the invisible dead space (DS) at the 

edge of the OLED panel. This placement allows the radiator 

and feedline to be composed of opaque solid conductors, which 
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Abstract  
 

In this study, an impedance-modulating patch (IMP) antenna-in-display (AiD) scheme is introduced to enable on-demand modification 

of the antenna operating frequency, bandwidth, and gain by selectively laminating a film with a printed IMP onto a pre-designed AiD. By 

adjusting the integration position of the IMP over the AiD folded dipole antenna, the gain and bandwidth are easily modified to meet the 

desired antenna characteristics. This approach facilitates flexible antenna performance while retaining the advantages of AiD without hav-

ing to reproduce the entire mask for the mother glass, thereby avoiding excessive costs that display manufacturers typically seek to mini-

mize. Two design examples are presented: a wideband version with a 28% bandwidth and a high-gain version achieving 6.25 dBi. The 

latter is validated through measurement. IMP-AiD thus offers a practical solution for next-generation display antennas. 
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have significantly lower resistivity. As a result, AiD antennas 

usually achieve higher radiation efficiency than AoD patch an-

tennas. AiD involves integrating the FDA design into the 

OLED panel fabrication process, thus eliminating the signifi-

cant bonding loss of up to 4 dB that occurs in the case of AoD 

when the short-feedline-printed antenna film and the pro-

longed-feedline-printed FPCB are conductively bonded [5]. 

However, while integrating the AiD FDA into the OLED 

panel during the latter’s fabrication process is beneficial, it limits 

the versatility of AiD characteristics. The AiD FDA and its 

feedline are printed simultaneously with the OLED panel when 

the latter is mass-printed onto the large mother glass using a 

mask. This implies that to modify antenna characteristics, such 

as frequency, bandwidth, or gain, the entire mask for the mother 

glass must be reproduced, incurring excessive costs that display 

manufacturers seek to avoid. 

In this paper, we propose a novel display antenna concept—

the impedance-modulating patch-integrated AiD (IMP-

AiD)—that involves laminating a parasitic patch onto the AiD 

FDA (as shown in Fig. 1) at different positions to control the 

frequency, bandwidth, and gain of the pre-determined AiD 

FDA design. Two types of IMP-AiDs are demonstrated: Ver. 1, 

which exhibits wideband operation, and Ver. 2, which offers a 

high gain. The simulation and measurement results confirm the 

validity of the proposed display antenna concept. 

II. IMP-AID CONFIGURATION 

Figs. 1 and 2 illustrate the configuration of the proposed 

IMP-AiD scheme. The dielectric constant (𝜖௥) and thickness 

(ℎ) of the cover window, optically clear adhesives (OCA) #1 

and #2, polarizer, and cyclo-olefin polymer (COP) film are as 

follows: 

(1) Dielectric constant: ( 𝜖௥,௪௜௡ௗ௢௪ , 𝜖௥,ை஼஺ଵ , 𝜖௥,ை஼஺ଶ , 𝜖௥,௣௢௟௔௥௜௭௘௥, 𝜖௥,஼ை௉) = (6.9, 2.58, 2.58, 2.92, 2.33) 

(2) Thickness (in mm): (ℎ௪௜௡ௗ௢௪, ℎை஼஺ଵ, ℎை஼஺ଶ, ℎ௣௢௟௔௥௜௭௘௥, ℎ஼ை௉) = (0.48, 0.15, 0.025, 0.104, 0.1) 

The dipole antenna—AiD FDA—is integrated into the DS, 

 

(a) 

 
 

(b) 

Fig. 1. Illustration of (a) the proposed IMP-AiD scheme and (b) the 

dead space at the edge of the OLED display panel (top view 

and vertical view). 

 

(a) 

 
 

(b) 

Fig. 2. (a) Configuration of the IMP-AiD and its parameters. The 

fixed parameters and their assigned values are: Wgnd=5.4, 

Wf=0.445, g=0.054, Wdg=0.3, Wa1=1.425, Wa2=3.225, Ws1= 
0.454, Ws2=2.254, Ld1=0.04, Ld2=0.05, Ls=0.06, gant=0.1, 

gTS=0.05, Lant=0.15 (unit: mm). The variable parameters for 

gain and bandwidth control of the AiD FDA are (PX, PY, PosX, 

PosY); (b) Photograph of the fabricated sample with the varia-

ble parameters set to (PX, PY, PosX, PosY)=(3,3.4,0.1,0) (unit: 

mm). Wcell and Wmesh are 0.09 mm and 0.01 mm, respectively. 
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which is the 300-μm-wide edge of the OLED panel, with the 

invisible patch (IMP) stacked on top of the FDA. Although the 

AiD FDA should ideally be embedded within the OLED panel 

during panel fabrication, doing so would incur unnecessarily 

high costs for fabricating benchtop samples during the testing 

stage. To address this, we fabricated a benchtop sample that 

closely resembled the original concept. In this setup, the IMP 

and FDA were printed on the top and bottom surfaces of the 

COP film, respectively, using 500-nm-thick copper. The assem-

bly was affixed to the OLED display panel using an ultrathin 

OCA layer, which was only 25 μm thick. Simulations [16] con-

firmed that the 25 μm vertical displacement of the FDA had a 

minimal effect on the antenna’s performance. From this point 

onward, the values assigned to the FDA design parameters were 

kept fixed since the primary objective of this paper is to modify 

only the IMP design parameters to control the gain and band-

width of the OLED-integrated AiD FDA. Consequently, this 

paper presents parametric studies conducted on the IMP, while 

those related to the FDA are not included. Moreover, additional 

details on how the various antenna parameter values were de-

termined can be found in our previous paper [16]. The fixed 

FDA design parameters and their corresponding values are pro-

vided in Fig. 2(a), while the variable parameters for the IMP are Pଡ଼, Pଢ଼, Posଡ଼, and Posଢ଼. Notably, the IMP and FDA overlap 

when 𝑃𝑜𝑠௑ is less than 0.25 mm in the top view depicted in 

Fig. 2(a) because they are located in different layers. Fig. 2(b) 

shows a photograph of the fabricated sample to facilitate better 

understanding. 

III. VER. 1: WIDEBAND IMP-AID DESIGN 

The variable parameters for the designed wideband IMP-AiD 

Ver. 1 were set to ሺPଡ଼, Pଢ଼, Posଡ଼, Posଢ଼ሻ = (2, 2.8,−0.1, 1) (unit: 

mm). Fig. 3 presents the simulation results of the parametric study 

conducted for these four variable parameters. The results indicate 

that the center resonant frequency of IMP-AiD Ver. 1 decreases as Pଢ଼ increases, while the overall wide bandwidth remains unchanged. 

This implies that the IMP stacked on the AiD FDA resonates at 

the observed center resonant frequency of IMP-AiD Ver. 1, while 

the additional lower and higher resonant frequencies originate from 

the AiD FDA but are reinforced by the impedance modulation of 

the IMP located near the AiD FDA. Furthermore, since the co-

polarization of the FDA is y-polarization, the length of the IMP in 

the y-axis direction, Pଢ଼, controls the center resonant frequency 

corresponding to the IMP resonance, whereas the width of the 

IMP in the x-axis direction, Pଡ଼, governs the impedance matching 

at the center resonant frequency. 

Fig. 3(c) confirms that Posଡ଼ has the most significant impact 

on bandwidth. When Posଡ଼ is between −0.1 mm and −0.4 

mm, Ver. 1 demonstrates a substantially wide bandwidth. Fig. 

3(d) further illustrates that while Posଢ଼ influences impedance 

matching at the center resonant frequency, it has little effect on 

the overall bandwidth of IMP-AiD Ver. 1 

Based on the results in Fig. 3(a), 3(b), and 3(d), the optimal 

values for Pଡ଼, Pଢ଼, and Posଢ଼ were determined as 2 mm, 2.8 

mm, and 1 mm, respectively, to maximize the impedance band-

width of Ver. 1. However, since the −10 dB impedance band-

width for Posଡ଼ was nearly identical between −0.1 mm and −0.4 mm, further optimization of Posଡ଼  was required. To 

achieve this, the peak realized gain with regard to frequency was 

analyzed. The results in Fig. 4 indicate that with Posଡ଼ = −0.1 

mm, IMP-AiD Ver. 1 achieves a −1 dB gain bandwidth of 

10.0% (30.16–33.33 GHz), which is significantly wider than the 

other options with gain bandwidths of 7.3%, 5.1%, and 5.8%. 

Consequently, Posଡ଼ was set to −0.1 mm. 

  

(a) (b) 

 
 

 
 

(c) (d) 

Fig. 3. |S11| simulation results of the parametric study for the wideband 

IMP-AiD (Ver. 1): (a) PX, (b) PY, (c) PosX, and (d) PosY. The de-

fault values are (PX, PY, PosX, PosY)=(2,2.8,-0.1,1) (unit: mm). 

 

 

Fig. 4. Peak realized gain simulation results of the PosX parametric study 

for the wideband IMP-AiD (Ver. 1). 
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Fig. 5 illustrates the structure of the optimized IMP-AiD Ver. 

1 and presents its simulated |S11| and peak realized gain pertain-

ing to three different configurations: solid IMP, mesh-grid (op-

tically transparent) IMP, and a realistic display size of 70 mm × 

150 mm. The results confirm that IMP-AiD Ver. 1 maintains 

almost identical bandwidth regardless of whether a mesh-grid 

IMP or a large display is employed. When embedded in a realis-

tic display, IMP-AiD Ver. 1 demonstrates a wide bandwidth of 

26.3% (27.26–35.52 GHz), while the peak gain decreases to 

5.48 dBi at 32.0 GHz. On the other hand, the -1 dB gain 

bandwidth increases to 15.3% (28.44–33.15 GHz), aligning well 

with the objective of designing a wideband-type IMP-AiD. 

Fig. 6 illustrates the current distribution of the designed 

wideband IMP-AiD Ver. 1 at representative operating frequen-

cies of 28, 31, and 34 GHz. It is evident that the proposed 

IMP-AiD Ver. 1 radiates with y-polarization across a wide op-

erating bandwidth, maintaining co-polarization with the AiD-

FDA. This further confirms the satisfactory wideband perfor-

mance of the proposed design. 

IV. VER. 2: HIGH GAIN IMP-AID DESIGN 

In this section, we present another type of IMP-AiD that is 

designed to achieve high gain at 30 GHz through gain control by 

adjusting the IMP parameters. In this design, referred to as Ver. 2, 

different values are assigned to variable parameters Pଡ଼, Pଢ଼, Posଡ଼, 

and Posଢ଼ compared to IMP-AiD Ver. 1. For ease of application, 

the values of Pଡ଼, Pଢ଼, and Posଡ଼ were kept identical to those used 

in IMP-AiD Ver. 1, while Posଢ଼ was modified for the high-gain 

IMP-AiD Ver. 2. Specifically, the parameters were set as follows: 

(Pଡ଼, Pଢ଼, Posଡ଼, Posଢ଼) = (2, 2.8, 0.1, 1) (unit: mm). 

Fig. 7 shows the simulation results of the parametric study 

conducted to obtain the peak realized gain with regard to the 

frequency for the four variable parameters. The results indicate 

that Pଢ଼ primarily affects the peak gain at the target frequency 

(30 GHz). Furthermore, since Posଡ଼ was fixed at 0.1 mm, only 

one resonance remains within the bandwidth, while the reso-

nant frequency shifts as Pଢ଼ changes. This behavior can be at-

tributed to IMP resonance. 

 

(a) 

 
  

 

(b) (c) 

Fig. 5. (a) Configuration of IMP-AiD Ver. 1; (b) |S11| simulation results 

and (c) peak realized gain simulation results for IMP-AiD Ver. 1 

when using a solid IMP, a mesh-grid IMP, and a realistic display 

size of 70 mm × 150 mm. 

 

(a) 

 
 

(b) 

 
 

(c) 

Fig. 6. Current distribution patterns of the wideband IMP-AiD (Ver. 

1) at (a) 28 GHz, (b) 31 GHz, and (c) 34 GHz. 
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Fig. 8 shows the structure of the optimized IMP-AiD Ver. 2, 

along with its simulated |𝑆ଵଵ| and peak realized gain for three 

configurations: solid IMP, mesh-grid (optically transparent) 

IMP, and a realistic display size of 70 mm × 150 mm. The three 

configurations exhibit similar bandwidths. Furthermore, when 

embedded in a realistic display, IMP–AiD Ver. 2 demonstrates 

a moderate bandwidth of 13.2% (27.97–31.91 GHz). Addition-

ally, it achieves a peak gain of 6.25 dBi, with a −1 dB gain 

bandwidth of 5.7% (29.61–31.34 GHz). 

Fig. 9 illustrates the current distribution of the designed high-

gain IMP-AiD Ver. 2 at its center operating frequency of 30 

GHz. It is evident that the proposed IMP-AiD Ver. 2 radiates 

with y-polarization across the operating bandwidth, maintaining 

co-polarization with the AiD-FDA. Notably, compared to 

IMP-AiD Ver. 1, more concentrated y-polarized surface cur-

rents are observed on both the IMP and AiD in the case of 

IMP-AiD Ver. 2, indicating the high-gain characteristics of the 

proposed design. 

Fig. 10 compares the simulated |𝑆ଵଵ| and peak realized gain 

achieved for the AiD FDA without an IMP, as well as for IMP-

AiDs Ver. 1 and Ver. 2. The results reveal that the AiD FDA 

without an IMP exhibits limited bandwidth and low peak gain. 

In contrast, by appropriately positioning the IMP with opti-

mized dimensions over the AiD FDA at different relative loca-

tions, the gain and bandwidth of the IMP-AiD are successfully 

controlled. Specifically, Ver. 1 was optimized for a wide band-

width, and Ver. 2 was optimized for high gain. Table 1 summa-

rizes the gain and bandwidth characteristics of the AiD FDA 

and the two IMP-AiD designs. 

 

(a) 

 
 

 
 

(b) (c) 

Fig. 8. (a) Configuration of IMP-AiD Ver. 2; (b) |S11| simulation results 

and (c) peak realized gain simulation results for IMP-AiD Ver. 2 

with a solid IMP, a mesh-grid IMP, and a realistic display size of 

70 mm × 150 mm. 

 

 

Fig. 9. Current distribution patterns of the high gain IMP-AiD (Ver. 

2) at 30 GHz. 

 

  

(a) (b) 

Fig. 10. (a) |S11| and (b) peak realized gain simulation results for the 

AiD-FDA without an IMP, as well as for Ver. 1 and Ver. 2 

IMP-AiDs with a realistic display size of 70 mm × 150 mm. 

  

(a) (b) 

 
 

 
 

(c) (d) 

Fig. 7. Peak realized gain simulation results of the parametric study for 

the high-gain IMP-AiD (Ver. 2): (a) PX, (b) PY, (c) PosX, and (d) 

PosY. The default values are (PX, PY, PosX, PosY)=(2,2.8,0.1,1) 

(unit: mm). 
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V. EQUIVALENT CIRCUIT MODEL OF IMP-AIDS 

To examine the modulation of the operating bandwidth in 

IMP-AiDs Ver. 1 and Ver. 2, equivalent circuit modeling (ECM) 

was implemented. The physical nodes A–F on the AiD-FDA 

and C'–F' on the IMP used for ECM, as well as the schematic 

layouts for the ECM, are depicted in Fig. 11. The corresponding 

parameter values for IMP-AiDs Ver. 1 and Ver. 2 are listed in 

Table 2. Notably, the physical nodes C–F on the AiD-FDA and 

C'–F' on the IMP, which are observed to be aligned in the top 

view, are actually vertically displaced, with capacitance present in 

between. In addition, capacitances 𝐶ଷ and 𝐶ସ, and inductances 𝐿ଷ, 𝐿ସ, and 𝐿଺, are located between the physical nodes B, C', and 

D'. As shown in the schematic layouts, the capacitances and in-

ductances surrounding nodes E' and F' are eliminated when the 

IMP in IMP-AiD Ver. 1 is shifted along the x-axis to form IMP-

AiD Ver. 2 since they become negligible. This change critically 

affects the operating bandwidth of the IMP-AiDs because the 

number of resonances varies based on the existence or varying 

values of the capacitances and inductances associated with the 

horizontal position of the IMP. Fig. 12 shows that the |𝑆ଵଵ| 
values simulated using ECM are in good agreement with those 

obtained from HFSS simulations for both IMP-AiDs Ver. 1 and 

Ver. 2. 

VI. EXPERIMENTAL RESULTS AND DISCUSSION 

1. Fabrication and Measurement 

To validate the simulation results, one of the demonstrated 

IMP-AiDs—the high-gain type IMP-AiD (Ver. 2)—was fabri-

cated and measured. The fabrication process involved manual ad-

Table 1. Comparison of the AiD-FDA without an IMP and the pro-

posed IMP-AiDs 

Parameter AiD-FDA 
IMP-AiD 

Ver. 1 Ver. 2 

Frequency (GHz) 30 32 30 

Gain (dBi) 3.76 5.48 6.25 

-10 dB |S11| bandwidth (%) N/A 26.3 13.2 

-1 dB gain bandwidth (%) >20.0 15.3 5.7 

  

(a) (b) 

 
 

(c) 

 
 

(d) 

Fig. 11. Demonstration of the physical nodes A–F on AiD-FDA and 

C'–F' on IMP for equivalent circuit modeling (ECM) of (a) 

IMP-AiD Ver. 1 and (b) IMP-AiD Ver. 2; schematic layouts 

for the ECM of (c) IMP-AiD Ver. 1 and (d) IMP-AiD Ver. 2. 

Table 2. Parameter values of the ECM for IMP–AiDs Ver. 1 and Ver. 2 

corresponding to the configurations shown in Fig. 11(c) and 11(d) 

Parameter Value Parameter Value 

Z1 50 L2 0.612 

Z2 377 L3 0.05 
C1 29.02 L4 0.01 

C2 63.3 L5 0.525 

C3 1 (Ver. 1) 

77.2 (Ver. 2) 

L6 0.181 (Ver. 1) 

0.392 (Ver. 2) 

C4 3 (Ver. 1) 

2.62 (Ver. 2) 

L7 0.25 

C5 76.82 L8 0.259 

C6 0.1 L9 0.05 

C7 240 (Ver. 1) 

232.0 (Ver. 2) 

L10 0.57 

C8 120 (Ver. 1) 

218.7 (Ver. 2) 

RL1 5.86 

C9 75.6 RL2 25.94 

C10 104.4 RL5 30 

C11 88.41 RL6 0.05 

C12 118.83 RL7 6.22 

L1 0.453 RL10 30 

The units of parameters are used in nH, fF, and Ω. 
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hesion of the display layers and COP film using a microscope, as 

detailed in [16]. Fig. 13 shows the measurement setup for the dis-

play-integrated IMP-AiD Ver. 2. Notably, as shown in Fig. 2(b), 

the fabricated sample achieved a high optical transparency (OT) of 

89% based on the assigned 𝑊௖௘௟௟ and 𝑊௠௘௦௛ values [13]. 

Fig. 14 shows the simulated and measured |𝑆ଵଵ|, peak real-

ized gain in terms of frequency, and E- and H-plane radiation 

patterns of IMP-AiD Ver. 2. The simulated and measured re-

sults largely show good agreement, with the measured −10 dB 

impedance bandwidth of 12.4% (28.1–31.8 GHz) closely 

matching the corresponding simulated result. Furthermore, the 

measured peak gain is 5.86 dBi at 30.1 GHz, which is 0.39 dB 

lower than the simulated value, while the measured −1 dB gain 

bandwidth is 6.0% (29.0–30.8 GHz), also consistent with the 

simulation result. Additionally, the simulated and measured E- 

and H-plane radiation patterns at 30.1 GHz, where peak gain 

occurs, demonstrate good agreement. The minor discrepancies 

between the simulation and measurement results can be attribut-

ed to alignment errors during the manual fabrication process. 

As shown in Fig. 14(c) and 14(d), the cross-polarization dis-

crimination (XPD) is 13.0 dB and 15.9 dB along the main 

beam direction in the E- and H-planes, respectively. Additional-

ly, the radiation efficiency at 30.1 GHz was calculated to be 

59.8%, which was obtained by dividing the measured gain by 

the simulated directivity, as explained in [5]. 

 

2. Performance Comparison and Discussion 

Table 3 compares the proposed IMP-AiDs with convention-

al display antennas. By integrating a gain- and bandwidth-

controllable IMP into the AiD dipole antenna, the wide-

bandwidth type IMP-AiD Ver. 1 achieved the widest imped-

ance bandwidth among the AoDs and AiD, while also exhibit-

ing a higher gain than both. Similarly, the high-gain type IMP-

AiD Ver. 2 achieved the highest gain among the AoDs and 

AiD, as well as a wider bandwidth than those reported in [5] 

and [17]. Furthermore, the radiation efficiencies of IMP-AiDs 

Ver. 1 and Ver. 2 are either comparable to or exceed the typical 

radiation efficiency range of 50%–70% that is commonly ob-

served in AoDs and AiDs. 

One may question the compatibility of the IMP with the 

touch sensor panel (TSP), given that they overlap in certain 

areas. However, similar challenges have been addressed for AoD 

patch antennas, which also overlap with the TSP. Although 

AoD patches cover only a part of the TSP, previously published 

research papers [18] and patents [19, 20] offer technical solu-

tions to mitigate this issue. For instance, this challenge can be 

addressed by positioning the patch on the Tx electrode of the 

TSP and incorporating an insulating layer between the TSP-

sensing electrodes and the patches. Similarly, the IMP proposed 

in our manuscript can be easily integrated into the display panel 

and can also contribute to minimizing TSP degradation, mak-

ing it suitable for mmWave smartphones. 

VII. CONCLUSION 

This paper proposes a novel display antenna scheme that inte-

grates an IMP with a pre-printed AiD FDA positioned at the 

  
(a) (b) 

Fig. 12. HFSS-simulated and ECM-simulated |S11| of (a) IMP-AiD 

Ver. 1 and (b) IMP-AiD Ver. 2. 

 

 

Fig. 13. Photograph of the measurement setup for the display-integrated 

Ver. 2 IMP-AiD. 

  

(a) (b) 

 
 

 
 

(c) (d) 

Fig. 14. Simulated and measured (a) |S11|, (b) peak gain over frequency, 

(c) E-plane radiation pattern and (d) H-plane radiation pattern 

at 30.1 GHz for IMP-AiD Ver. 2. 
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edge of the OLED panel. Although the AiD FDA, when fabri-

cated together with the OLED panel, lacks performance diversity, 

its gain and bandwidth can be easily controlled—either to max-

imize bandwidth or gain—by simply adjusting the integration 

position of the IMP over the AiD FDA. IMP-AiDs Ver. 1 and 

Ver. 2 were fabricated, achieving the widest bandwidth and high-

est gain, respectively, compared to conventional display antennas, 

while also maintaining good gain and bandwidth, respectively. 

Future studies on this topic should focus on automating the 

fabrication processes to minimize alignment errors, evaluating 

thermal and mechanical reliability when integrating radio-

frequency integrated circuits (RFIC) into the proposed IMP-

AiD, and expanding the equivalent circuit model validation over 

a broader frequency range. 
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