
   
Fig.1. Analysis model of an on-chip dipole antenna (a) top view with 
antenna configurations; (b) A–A’ cross-section view  
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Abstract—A 60-GHz CMOS on-chip dipole antenna with 
efficiency-enhancement technique is presented. A helium-3 ion 
irradiation process is used to reduce the substrate losses of the 
on-chip antenna. The radiation efficiency of the antenna is 
doubled using the ion implantation technique. The antenna is 
fabricated in a 65-nm CMOS technology with a core area of 0.48 
mm2. The on-chip antenna achieves a peak gain of -4.1 dBi at 
60GHz and a gain fluctuation of around ±1dB from 57 GHz to 
67GHz. 

Keywords—Millimeter-wave, on-chip dipole antenna, CMOS, 
efficiency-enhanced, helium-3 ion implantation 

I.  INTRODUCTION 

Recently, 60-GHz CMOS wireless transceivers have been 
investigated intensively because multi-gigabit-per-second 
wireless communications can be achieved by a small and low-
power mobile device [1], [2], [15], [16]. In 60-GHz band, the 
connections between RF circuits and off-chip antennas 
introduce parasitic components and radiation loss deteriorating 
the circuit performance and design flexibility [3]. Moreover, 
the off-chip antennas largely increase the device size and 
degrade monolithic integrity. 

Fortunately, on-chip antennas do not suffer from the issues 
mentioned above. However, the on-chip antenna normally has 
poor radiation efficiency due to the low resistivity of the silicon 
substrate used in CMOS technologies [4]. Much research has 
been conducted to improve the radiation efficiency of the 
CMOS on-chip antennas. Literature [5] and [6] successfully 
reduce the substrate loss by using artificial magnetic conductor 
(AMC) at the cost of excessive chip area. Proton implantation 
techniques [7], [8] are very effective to increase the resistivity 
of the silicon substrate. Nevertheless, a high dose amount 
(>1015 cm-2) is usually required for the proton implantation, 
which results in less reliability and high process cost [9], [10]. 

In this paper, a CMOS on-chip dipole antenna at 60-GHz 
band with a novel helium-3 ion implantation process [11], [12] 
is presented. Three different conditions of helium-3 ion 
irradiation are applied to the on-chip antennas after chip 
fabrication. The maximum radiation efficiency and power gain 
of the ion-implanted antennas are improved to twice as much 
as those of the antennas without implantation with a small dose 
amount of 3x1013 cm-2. The antenna is fabricated in a 65nm 
CMOS technology with a core area of 0.48 mm2.     

II. DESIGN OF THE PROPOSED ANTENNA 

A.  60-GHz CMOS On-Chip Antenna 

It is well-known that the CMOS on-chip antenna generally 
performs low radiation efficiency and power gain because of 
the low resistivity and high permittivity of the lossy silicon 
substrate used in CMOS technologies. In order to gain a 
quantitative insight for the loss contribution, an analysis model 
of an on-chip dipole antenna is constructed as depicted in Fig.1. 
The top metal layer (Al) with 1 µm thickness is used for the 
dipole elements which are fed by two micro-strip lines (MSLs). 
The silicon substrate (εr = 12) is modeled by a lossy layer with 
resistivity of 10 Ω·cm and 320 µm thickness. The detailed 
dimensions of the antenna are illustrated in Fig. 1 (a). Fig. 2 (a) 
shows the simulated radiation gain pattern of the dipole 
antenna at 60 GHz using the model described in Fig. 1. The 
radiation gain at X direction with φ=0° is -8.2 dBi which 
corresponds to an efficiency of 26%. It is interesting to note 
that the silicon substrate contributes around 70% of losses. 
Therefore, reducing the substrate loss is an effective solution to 
improve on-chip antenna efficiency and power gain. 



 
Fig. 4. Die micro-photograph. Core area: 0.48 mm2 
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Fig.5. Illustration of the on-wafer measurement setup for the 
power gain of the on-chip antenna. 
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Fig.2. Simulated 3-D gain pattern of the on-chip antenna (a) with 
lossy substrate (10 Ω·cm); (b) with high resistivity substrate 
(1000 Ω·cm) 
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Fig.3. The proposed helium-3 ion implanted dipole antenna (a) 
top view; (b) A–A’ cross-section view 

1200 m

SiO2

Si
sub.

A A

60
0

m

(a)

(b)

Al (top metal)

MSL

Dipole antenna element

Ion irradiated
region

40 m 160 m 320 m

Ion irradiated region

B. Helium-3 Ion Implantation 
In this work, a novel helium-3 ion implantation technique is 

used to enhance the on-chip antenna efficiency and power gain 
by effectively increasing the substrate resistivity. The helium-3 
ions are implanted to the antenna chip using a cyclotron after 
the chip is fabricated. An aluminum mask plate with 0.5 mm 
thickness is used to protect the chip area outside of the ion-
irradiated region. Due to charge trappings created by the 
irradiation and Coulomb scattering of the charged traps, the 

substrate resistivity increases with the increasing of the dose 
amount. Typically, the substrate resistivity can be effectively 
increased from 6 Ω·cm to over 1000 Ω·cm with a small dose 
amount of 3x1013 cm-2 by utilizing the helium-3 ion 
implantation technique. Meanwhile, helium-3 ion has less 
lateral scattering compared with proton. The calculated beam 
spread range for helium-3 ion is about half of that for proton at 
300-µm stopping range [12]. Therefore, a high-reliability low-
process-cost ion implantation technique can be utilized to 
increase the substrate resistivity. Fig. 3 shows the proposed 
CMOS on-chip dipole antenna with helium-3 ion implantation 
technique. The antenna configuration is the same as in Fig. 1 
except the 600 µm×1200 µm white area around the antenna 
indicates the ion irradiated region. To further investigate the 
ion implantation technique, three different irradiation depths of 
helium-3 ions (40 µm, 160 µm, and 320 µm) are applied to the 
on-chip antenna. Simulations results demonstrate that the 
radiation efficiency is increased to 59% when the irradiation 
depth of 320 µm is applied as shown in Fig. 2(b). 

III. MEASUREMENT RESULTS AND DISCUSSIONS 
To validate the analysis and design, the on-chip dipole 

antenna is fabricated in a 65 nm CMOS technology. Fig. 4 
shows the die micro-photograph of the antenna with a core area 
of 0.48 mm2. The helium-3 ions are implanted within the area 
indicated in Fig. 4 after the chip is fabricated. Three different 



 
Fig.6. Measured antenna power gain with and without helium-3 
ion irradiation 
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irradiation depths of helium-3 ions (40 µm, 160 µm, and 
320µm) are employed for the on-chip antenna with the same 
dose amount of 3x1013 cm-2. The on-chip antenna without ion 
implantation is also measured for comparison.  

The power gain of the on-chip antenna is measured using 
the setup shown in Fig. 5. Two identical antennas located on 
the probe station are placed face-to-face with a distance 
R=4mm. The losses of the measurement equipments and cables 
are calibrated to the probe tips using standard impedance 
substrates. The power gain of one single antenna can be 
expressed as [4] 

                          𝐺 (dB) = ଵଶ [IL(dB) − PL(dB)]                  (1)                                              PL (dB) = 10log [ቀ ఒబସగோቁଶ
 

                      × ฬ1 − ோඥோమାସ௛మ 𝑒ି௜௞బቀඥோమାସ௛మିோቁฬଶ]             (2) 

                    IL (dB) = 10log ቀ |ௌమభ|మଵି|ௌభభ|మቁ                            (3) 

where PL is the path loss considering the effect of the metal 
plate on the probe station. IL is the measured insertion loss 
between the two antennas from the vector network analyzer 
(VNA). 

Fig. 6 shows the measured power gain of the on-chip 
antenna with and without the ion implantation. When the ion 
irradiation is not applied, the radiation gain of over -9 dBi is 
achieved from 57 GHz to 67 GHz with the gain variation of 
less than 3 dB. It can be observed that with the increasing of 
the helium-3 ion irradiation depth, the antenna gain is gradually 
enhanced, which implies that the radiation efficiency of the on-
chip antenna is improved. When the irradiation depth of 
320µm is applied, the radiation gain is improved to be higher 
than -5.5 dBi. The average gain improvement is about 3 dB 
over the 10-GHz band of interest. The wide-and-flat gain 
characteristic of the on-chip antenna is maintained after the 
ion-irradiated processing.  

The S-parameter of the on-chip antennas is also measured 
for accurately de-embedding the losses of the measurement 
equipment as illustrated in Fig. 7. The degradation of the input 
reflection coefficient for the ion-irradiated antennas is caused 
by the change of the dipole antenna characteristics after ion 
implantation. The losses due to the reflection are de-embedded 
for the gain measurement.   

The radiation gain pattern of the on-chip antenna for XY-
plane at 60 GHz is measured and illustrated in Fig. 8. The on-
chip antennas without ion irradiation and with ion irradiation 
depth of 320 µm are used for the measurement. The 
improvement of the power gain for different directions is 
obvious as demonstrated in Fig. 8. 

Table I shows a performance comparison of the proposed 
on-chip dipole antenna and other state-of-the-art on-chip 
antennas at 60-GHz band. The proposed antenna achieves 

TABLE I 
COMPARISON WITH PREVIOUSLY REPORTED 60-GHZ BAND ON-CHIP ANTENNAS 

Ref. Process Type of antenna Frequency Antenna gain Core area 

This 
work 

65 nm 
CMOS 

Dipole with helium-3 ion 
implantation 

60 GHz -4.1 dBi 0.48 mm2 

[4] 
180 nm 
CMOS 

Yagi 60 GHz -10 dBi 0.74 mm2* 

[5] 180 nm 
CMOS 

Circularly polarized 
with AMC 65 GHz -4.4 dBi 3.24 mm2 

[6] 90 nm 
CMOS Yagi with AMC 60 GHz -7.2 dBi 1.04 mm2 

[13] 65 nm 
CMOS Slot loop 60 GHz -5.0 dBi* 0.64 mm2* 

[14] Post-back-
end-of-line 

Inverted-F 61 GHz -19.0 dBi 0.20 mm2* 

Quasi-Yagi 65 GHz -12.5 dBi 0.59 mm2* 

                           * Estimated from literature 



 
Fig.8. Measured XY-plane radiation pattern of the on-chip antenna 
at 60 GHz with (320 µm depth) and without ion irradiation. 
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Fig.7. Measured S11 of the on-chip antenna with and without ion 
irradiation 
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relatively high power gain (-4.1 dBi@60 GHz) with reasonable 
area occupation (0.48 mm2). 

IV. CONCLUSION 
This paper presents a 60-GHz on-chip dipole antenna with 

helium-3 ion implantation technique in a 65 nm CMOS 
technology. By using the small dose amount of 3x1013 cm-2 for 

ion implantation process, 3-dB average gain improvement of 
the antenna is achieved across 57 GHz to 67 GHz. The peak 
gain of the antenna at 60 GHz is -4.1 dBi and the chip core area 
is only 0.48 mm2.  
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