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ABSTRACT A low cost, broadband and compact antenna in package solution (AiP) is proposed for 60 

GHz low-power radar sensor applications. Following a glass integrated passive device (Glass-IPD) 

manufacturing process, a compact low cost taper slot antenna (TSA) is designed on a substrate with a 

thickness beyond Yngvesson’s range. To realize high gain and front-to-back ratio, the antenna is optimized 

by introducing a truncated ground. A 1 × 2 antenna array prototype is realized with a dummy transmission 

line chip in the dimension of 5 × 7.4 mm2. Including the flip chip interconnect, the measured results 

demonstrate a 10 dB impedance bandwidth of 47.2 ~ 67 GHz. The calculated gain is higher than 6.5 dBi in 

the end-fire direction over the entire 60 GHz band. Based on a physical RLC equivalent circuit, by co-

design of the antenna with solder balls, the flip chip interconnect is compensated with a passive network. 

For the compensation network, its working bandwidth is from 0.1 to 67 GHz, while its insertion loss at 60 

GHz is less than 0.2 dB. 

INDEX TERMS 60 GHz, antenna in package (AiP), CPW-slotline transition, flip-chip, glass integrated 

passive device (Glass-IPD), radar sensors, taper slot antenna (TSA). 

I. INTRODUCTION 

Recently, high demands have been generated for low-power 

millimeter wave (mmWave) broadband radar sensors by 

automotive electronics and internet of thing (IoT) 

applications [1]-[2]. Unfortunately, in the past mmWave 

radar sensors suffer from high cost, narrow bandwidth and 

large form factor issues. 

With a wideband universal 5-9 GHz unlicensed spectra, 

the 60 GHz band can be utilized to realize low-cost radar 

sensors for precise short-range distance and velocity 

measurement applications. In particular, the antenna in 

package (AiP) solution has been proposed for the 60 GHz 

applications [6]-[6], showing superior advantages on the 

high integration level. However, due to the high operating 

frequency and broadband nature of the 60 GHz band, the 

design of low-cost 60 GHz AiP solutions for mmWave 

sensors is still very challenging. 

Recently, several mmWave AiP solutions have been 

demonstrated with the glass integrated passive device 

(Glass-IPD) process, which utilizes an integrated circuit 

manufacturing process, improving the reliability and 

reducing the fabrication complexity and cost [8]-[16]. In 

[8]-[13], some patch antennas and slot dipole antennas 

show high efficiency and broadside radiation patterns. For 

mmWave sensor applications, the end-fire antenna is also 

needed. Up to now, however, only a few end-fire antennas 

have been realized by using the glass substrate [14]-[16]. In 

[10], a 28 GHz Yagi-Uda antenna is designed, and it 

achieves a simulated gain of higher than 4 dBi with more 

than 20% relative bandwidth. In [11], a wideband 28 GHz 

on-glass end-fire array for 5G handsets is proposed, and its 

simulated relative bandwidth is 11.3% with a gain of 7.08 

to 8.36 dBi over the operating band. In [12], with
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a through-glass silicon via (TGSV) technology, a V-band 

planar helical antenna is proposed, and its measured 

impedance bandwidth is from 50.7 to 63.4 GHz with a peak 

gain of 6.3 dBi. In [13], a 60 GHz Vivaldi-type antenna is 

measured in the free space, and its measured gain is 4 dBi 

over the 56-67 GHz band. In [14], a V-band 4 × 1 linear 

tapered slot antenna array is realized, showing a narrow 

bandwidth of 2.2 GHz. In [15], a Yagi-Uda antenna 

achieves a relative bandwidth of 18.3% and a peak gain of 

6 dBi. For beam-steering applications, in [16] a V-band 1 × 

4 double-sided dipole antenna array with a butler matrix is 

proposed, and it has gains of 2.5-4.3 dBi in different 

directions. Unfortunately, these existing mmWave antennas 

suffer from low performance and large size, and their 

interconnect structures are not addressed. 

In this paper, based on a low-cost Glass-IPD 

manufacturing process, a broadband compact taper slot 

antenna (TSA) is designed on a high dielectric constant 

glass substrate with a single layer metal and an effective 

thickness beyond the Yngvesson’s range [18]. To achieve 

high front-to-back ratio and gain over a broad frequency 

range, the antenna size is optimized by introducing a 

truncated ground, which works as a reflector. Different 

from previous works [14]-[16], based on an introduced 

physical RLC equivalent circuit of the flip-chip 

interconnection, a 1 × 2 antenna array is co-designed with 

solder balls, compensating the flip chip interconnect with a 

passive network. For demonstration, an AiP prototype is 

designed, fabricated and measured with a dummy glass 

transmission line. Measurements show a good agreement 

with the simulation results. 

This paper is organized as follows. Section II discusses 

the AiP prototype. The TSA on the glass substrate is 

proposed in Section III. Section IV presents the flip-chip 

interconnection design. Section V demonstrates simulation 

and measurement results of the AiP solution. Finally, a 

conclusion is given in Section VI. 

II. AIP PROTOTYPE 

Fig. 1(a) shows a simplified cross-section view of the 

substrate, which consists of two dielectric layers (glass and 

polyimide). With advantages of compactness, low cost, 

high reproducibility and reliability, a glass substrate with a 

thickness of 300μm is adopted (εr = 6.3, tanδ = 0.0101), 

which is the D263T thin glass produced by the down-draw 

technology. One conductive layer M1 is realized with 5 μm 

thick copper. Moreover, to avoid oxidation, M1 is covered 

with a 10 μm thick polyimide layer (εr = 3.2 and tanδ = 

0.001). With this Glass-IPD manufacturing process, the 

measured insertion loss of a 50Ω CPW line is 0.27 dB/mm 

at 60 GHz. 

Fig. 1(b) shows the proposed integration scheme of the 

AiP on the PCB for the end-fire radiation. As an interposer, 

the glass substrate is connected to both the RF front-end 

chip and the main PCB. The RF chip is soldered on the 

bottom of the glass substrate with solder balls, whose 

typical diameter is about 90 μm. The end-fire antenna and 

the feeding network are realized on M1. Moreover, to 

compensate the flip chip interconnect, a passive network is 

introduced on M1 by co-design with solder balls. With the 

RF chip, the glass substrate is assembled on the main PCB 

with BGA (ball grid array) balls for low-speed signal, 

power distributed networks and ground connections. In this 

design, to test the AiP performance first, all the low-speed 

and power segments are not fabricated. 

III. END-FIRE ANTENNA ON GLASS SUBSTRATE 

A.  ANTENNA ELEMENT DESIGN 

Fig. 2(a) shows the top view of the proposed antenna 

element, which consists of three sections: 1) a short tapered 

slot section with length Lt and width Wt; 2) a feeding slot 

with length Ls and width Ws; 3) a CPW-slotline transition 

structure.  

In this design, with the antenna gain and bandwidth 

trade-off, the linear tapering is adopted. In principle, the 

TSA radiation performance is sensitive to the substrate 

thickness and permittivity. In [18], the substrate effective 

thickness teff is experimentally defined by the Yngvesson 

function: 
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with h the thickness of the substrate, εr the dielectric 

constant, and λ0 the free space wavelength. Typically, when 

the substrate teff is from 0.005 to 0.03, the TSA directivity 

increases linearly when its length Lt increases from 1 to 3λ0 

[18]. In this design, however, with the glass dielectric 

constant of 6.3, the substrate teff value is 0.09, and it is well 
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FIGURE 1. (a) Cross-section view of the glass substrate layers. (b) 
Integration of the Antenna-in-Package on the PCB for the end-fire 
radiation.  
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FIGURE 2. (a) Top view of the proposed antenna element. (b) Current 
distribution of the CPW-slotline transition structure. (c) Top view of the 
proposed antenna array. 
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beyond the Yngvesson’s range. As a result, the TSA 

directivity doesn’t depend linearly on the antenna L/λ0 ratio. 

Fig. 3 and 4 show the length Lt effect on the TSA directivity 

in the E- and H-planes, respectively. For large Lt, surface 

modes will be excited and diffracted from the outer 

substrate edges, causing a high side lobe level, low gain and 

low front-to-back ratio.  

To improve the antenna gain and to reduce side lobe 

level, the phase velocity ratio is optimized with variable 

antenna lengths. In this design, the antenna optimized 

length Lt is set to be 0.46λ0, leading to a compact antenna 

solution with good radiation performance, as to be shown 

shortly. 

To enhance the gain further and to solve above front-to-

back ratio degradation issues, a truncated ground is 

introduced. Fig. 5 and 6 show the effect of the truncated 

ground plane width Wc on the TSA. Due to the truncated 

ground, most of the current is suppressed to flow along the 

substrate edge, reducing the radiation from the edges and 

back lobes. Therefore, with an increased Wc, both the 

antenna gain and front-to-back ratio are improved at high 

frequency. Intuitively, the truncated ground plane can be 

understood as a reflector element, improving the radiation 

performance.  

For the antenna feeding, a CPW-slotline transition 

structure is needed [19]. As indicated in Fig. 2(a), two stubs 

with a length of Ld are utilized to extend one side ground 

current path.  By optimizing the length Wd and distance Ld, 

a broadband and low loss performance is achieved. 

TABLE 1 

OPTIMIZED DIMENSIONS OF THE ARRAY ANTENNA 

Parameters Values, mm Parameters Values, mm 

Lt 2.3 L 5 

Wt 1.82 W 4.1 

Ls 0.04 S 0.07 

Ws 0.12 G 0.025 

Ld 0.2 Dx 2 

Wd 0.45 La 0.63 

Lc 1.8 Wa 0.04 

Wc 0.75 Lb 0.1 

Wb 0.04 Lp 0.07 
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FIGURE 3. Comparison of the far-field directivity pattern with the 
antenna length Lt in the E-plane. 
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FIGURE 4. Comparison of the far-field directivity pattern with the 
antenna length Lt in the H-plane. 
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FIGURE 5. The effect of the truncated ground plane width Wc on the 
gain of the TSA. 
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FIGURE 6. The effect of the truncated ground plane width Wc on the 
front-to-back ratio of the TSA. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2983485, IEEE Access

 

VOLUME XX, 2017 9 

Moreover, as proved by the current distribution in Fig. 2(b), 

in the slotline section a 180° phase difference between the 

two ground sides is realized, converting the CPW to a 

slotline mode. 

B.  ANTENNA ARRAY DESIGN 

To achieve a flat gain, a 1 × 2 antenna array is adopted. As 

presented in Fig. 2(c), the antenna array is fed by a CPW 

power divider, which consists of two branches with a length 

La and a width Wa. In order to balance the antenna gain and 

sidelobe level performances, the pitch is set to be 2 mm 

(0.4λ0 at 60 GHz). The proposed antenna array area is 5 × 

4.1 mm2.  

With electromagnetic simulations, the dimensions of 

each antenna element and the 1 × 2 array are optimized, and 

the antenna array sizes are listed in Table 1. Fig. 7 shows 

the simulated gain and return loss of the antenna element 

and the array. As can be seen, both the antenna element and 

the array have a large bandwidth, making it possible to 

tolerate the effect of the frequency shift caused by the 

fabrication inaccuracy. Compared with the optimized 

antenna element, the gain of the 1 × 2 antenna array with 

the power divider is enhanced over the operating frequency 

range, in particular more than 2.5 dB in the low frequency 

range, proving the advantage of the antenna array. 

Moreover, it can be observed in Fig. 7 that the antenna 

element coupling has less effect on the antenna return loss 

performance. 

III. FLIP-CHIP INTERCONNECTION DESIGN 

Compared with the bond-wire scheme, the flip-chip 

packaging is preferred for its advantage of less interconnect 

parasitic effect in the mmWave band [20][21]. To 

compensate the capacitive behavior caused by the overlaps 

in the transition structure, a passive compensation network 

is still needed.  

Figs. 8 (a) and (b) show the structure of the proposed 

compensation network, and Fig. 8 (c) shows the photograph 

of the fabricated flip-chip interconnect. To verify the 

interconnect performance, the active chip is replaced by a 

dummy glass transmission line chip. The characteristic 

impedances of CPW lines on both the motherboard and 

chip side are optimized to be 50 Ω. To prevent deformation 

after reflow soldering, eutectic Pb90/Sn10 solder balls are 

utilized to flip the chip on the motherboard. The radius and 

the pitch of solder balls are set to be 45 and 250 μm, 

respectively. On the other hand, a high impedance line with 

a length of Lb and a width of Wb is introduced in the 

motherboard, resulting in an effective serial inductance to 

compensate the overlap capacitance.  

To achieve rapid and accurate co-design of the 

compensation network and the antenna, a physical RLC 

equivalent circuit of the flip-chip interconnection is 

introduced, as shown in Fig. 8 (d). Note that, L1 and R1 

denote the inductance and loss of solder balls, and C1 and 

C2 are the pad capacitance on the motherboard and chip, 

respectively. L2 represents the compensating serial 

inductance, while Zp and Zc are the terminal impedances at 

the motherboard and the chip side, respectively. In 

particular, for design accuracy the parasitic inductance of 
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FIGURE 8. (a) Side view of the proposed flip-chip transition structure. 
(b) Top view of the proposed flip-chip transition structure. (c) The 
photograph of the fabricated flip-chip interconnect. (d) Physical RLC 
equivalent circuit of the flip-chip interconnection. 
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FIGURE 9. The simulated and measured return loss and insertion 
loss of the back-to-back flip-chip transition structure with and without 
the compensation network. 
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FIGURE 7. The simulated gain and return loss of the antenna element 
and the 1 × 2 antenna array. 
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solder balls on the return ground path is also introduced. 

With the help of Advanced Design System (ADS) and High 

Frequency Electromagnetic Field Simulation (HFSS), the 

transition lumped elements values can be simulated, 

extracted and optimized. Note that, for the antenna co-

design purpose its feeding line characteristic impedance is 

also set to be 50Ω. 

The on-wafer measurement is undertaken by Cascade 

Microtech 67 GHz GSG RF probes with 100 μm pitch. Fig. 

9 presents the measured and simulated S-parameters of the 

back-to-back transition structure with and without 

compensation network. With the compensation network, 

the return loss is lower than 20 dB up to 67 GHz. After de-

embedding the loss of CPW lines on the mother board and 

the dummy chip, the insertion loss of each transition is less 

than 0.2 dB at 60 GHz, satisfying the requirement of 

interconnects for mmWave radar sensor applications. Note 

that the measurement and simulation difference may be 

caused by inaccurate model of solder balls, fabrication 

tolerance and other uncertainties, such as the conductor loss 

due to the surface roughness. 

IV. SIMULATION AND MEASUREMENT RESULTS 

Together with the flip-chip compensation network, the 

proposed 1 × 2 antenna array is optimized, fabricated and 

measured. For antennas’ performance measurements, as 

shown in Fig. 10 a custom designed probe based antenna 

measurement setup is used in an anechoic chamber. The 
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FIGURE 10. The probe based antenna measurement setup with the 
fabricated AiP solution prototype. 
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FIGURE 11. Simulated and measured return loss of the AiP solution. 
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FIGURE 12. Simulated and measured gain of the AiP solution. 

 

 

 
FIGURE 13. Simulated and measured normalized co-polarization (Co-
Pol) and cross-polarization (Cross-Pol) radiation patterns of the AiP 
solution in the E- and H-plane, respectively. (a) 56 GHz. (b) 60 GHz. (c) 

64 GHz. 
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vector network analyzer (VNA) is used to measure the 

strength of the signal, which is transmitted by a standard-

gain horn antenna and received by the proposed antenna. 

With the probe station, the test samples are placed on a 

foam material (εr ≈1.05), which is fixed by the PTFE AUT 

sample holder. To minimize the effect of the metal RF 

probe on the antenna radiation, both the probe and probe 

station are covered with an absorbing material. 

Fig. 11 shows the simulated and measured return loss of 

the 1 × 2 antenna array including the dummy transmission 

line chip. The impedance bandwidth is better than 10 dB 

from 47.2 to 67 GHz (limited by the measurement 

instrument in high frequency). Note that the slight 

discrepancy between the simulation and measurement may 

be caused by inaccurate model of solder balls, 

measurement error and fabrication tolerance. 

Fig. 12 presents the simulated and measured gain in the 

end-fire direction. For gain measurement purpose, two 18 

dBi standard-gain horn antennas are used to calibrate the 

system. With the gain-comparison method the proposed 

antenna gain can be calculated. The measurement results 

agree well with the simulation. With (2), the antenna 

calculated gain is derived by de-embedding the loss of the 

flip-chip structure and the dummy chip. In particular, the 

calculated gain shown below is higher than 6.5 dBi from 57 

to 66 GHz, with a peak gain of 7.9 dBi at 65 GHz: 

c m l fG G L L                                   (2) 

with Gc the calculated antenna gain, Gm the measured 

antenna gain, Ll the measured CPW loss on the 

motherboard and chip side, Lf the loss of flip-chip structure. 

Fig. 13 shows E-plane (XY-plane) and H-plane (YZ-

plane) co-polarization (Co-Pol) and cross polarization 

(Cross-Pol) radiation patterns at 56, 60, and 64 GHz, 

respectively. Due to the limitation of the test setup, neither 

E- nor H-plane can be measured within the whole angular 

range. The measured 3 dB beam width of the antenna array 

is about 43 and 64 degrees in E- and H-plane at 60 GHz, 

respectively. The cross polarization in both E- and H-plane 

is 20 dB less than the co-polarization. In the E-plane the 

measurement agrees with the simulation. Note the H-plane 

is affected by the probe station reflections, causing ripples 

in the radiation pattern. 

For performance comparison, Table 2 summarizes the 

performance of the proposed antenna array with the state-of-

the-art results. As indicated, with the Glass-IPD process, the 

proposed antenna, which included the flip-chip interconnect 

structure, has a very compact size and achieves wide 

bandwidth and high gain performance. 

V. CONCLUSION 

In this paper, with the Glass-IPD manufacturing process, a 

low-cost, broadband and compact 60 GHz AiP solution is 

proposed and implemented on the glass substrate with an 

effective thickness beyond the Yngvesson’s range. To 

achieve high front-to-back ratio and gain over a broad 

frequency range, the antenna size is optimized by introducing 

a truncated ground. A physical RLC equivalent circuit of the 

flip-chip interconnection is introduced to achieve rapid and 

accurate co-design of the compensation network and the 

antenna. With a dimension of 5 × 7.4 mm2, the AiP prototype 

achieves a measured 10 dB impedance bandwidth from 47.2 

to 67 GHz. The calculated antenna gain is higher than 6.5 

dBi over the 60 GHz band. The chip-chip interconnect 

working bandwidth is from 0.1 to 67 GHz, while its insertion 

loss is less than 0.2 dB at 60 GHz. 
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