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to Highly Integrated Millimeter-Wave Devices for
Wireless Communications

Y. P. Zhang and Duixian Liu, Senior Member, IEEE

Invited Paper

Abstract—Antenna-on-chip (AoC) and antenna-in-package
(AiP) solutions are studied for highly integrated millimeter-wave
(mmWave) devices in wireless communications. First, the back-
ground, regulations, standard, and applications of 60-GHz wireless
communications are briefly introduced. Then, highly integrated
60-GHz radios are overviewed as a basis for the link budget
analysis to derive the antenna gain requirement. Next, in order
to have deep physical insight into the AoC solution, the silicon
substrate’s high permittivity and low resistivity effects on the AoC
efficiency are examined. It is shown that the AoC solution has low
efficiency, less than 12% due to large ohmic losses and surface
waves, which requires the development of techniques to improve
the AoC efficiency. After that, the AiP solution and associated
challenges such as how to realize low-loss interconnection between
the chip and antenna are addressed. It is shown that wire-bonding
interconnects, although inferior to the flip-chip, are still feasible in
the 60-GHz band if proper compensation schemes are utilized. An
example of the AiP solution in a low-temperature cofired ceramic
(LTCC) process is presented in the 60-GHz band showing an
efficiency better than 90%. A major concern with both AoC and
AiP solutions is electromagnetic interference (EMI), which is also
discussed. Finally, the systems level pros and cons of both AoC and
AiP solutions are highlighted from the electrical and economic
perspectives for system designers.

Index Terms—60-GHz, antennas, liquid crystal polymer (LCP),
low temperature cofired ceramic (LTCC) .

1. INTRODUCTION

HE millimeter-wave (mmWave) frequency spectrum
T is defined to be 30 to 300 GHz, which corresponds to
wavelengths from 10 to 1 mm. In this paper, however, we will
focus specifically on the 60-GHz band (unless otherwise spec-
ified, the terms 60-GHz and mmWave are interchangeable).
The history of mmWave technology began with the Indian
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physicist J. C. Bose who, in 1895 publicly demonstrated wire-
less signaling at frequencies as high as 60-GHz with various,
now commonplace, microwave components including horn
antennas [1]. Since then, no major work at 60-GHz had been
reported until 1947 when the American physicist J. H. Van
Vleck observed that the oxygen molecule absorbs electro-
magnetic energy more significantly at 60-GHz than at other
frequencies [2]. The exploration of this phenomenon of nature
was mainly driven by military and space applications during
the 1960s to 1980s [3]. Starting from the late 1980s to the early
1990s, microcellular communication was the major driver. The
microcell concept tried to use the higher path loss and oxygen
absorption to intentionally limit 60-GHz link distance and allow
for higher frequency reuse to increase the network capacity [4].
In the mid-1990s, interest in fixed broadband wireless access
for last mile connectivity advanced 60-GHz radio technology
[5]. Meanwhile, it was also realized that unlicensed use could
be an appropriate regime for using such spectrum, since most
of the justifications for radio licensing were not applicable in
these frequencies [6].

As we entered the new millennium, Japan first issued 60-GHz
regulations for unlicensed utilization in the 59-66 GHz band in
the year of 2000. The maximum transmit power is limited to
10 dBm with maximum allowable antenna gain of 47 dBi and
the maximum transmission bandwidth of 2.5 GHz [7]. In 2004,
the United States allocated 7 GHz from 57-64 GHz for unli-
censed use and specified the total maximum transmit power of
500 mW for an emission bandwidth greater than 100 MHz [8].
It should be mentioned that the 60-GHz regulation in Canada
is harmonized with the US [9]. The 60-GHz regulation in Aus-
tralia is, however, different from 7-GHz bandwidth allocated in
Japan and North America. A narrower 3.5-GHz bandwidth from
59.4-62.9 GHz is allocated and the maximum transmit power is
limited to 10 dBm [10]. In Europe, a wider 9-GHz bandwidth
from 57-66 GHz is recommended with the maximum transmit
power of 20 mW, maximum allowable antenna gain of 37 dBi,
and the minimum transmission bandwidth of 500 MHz [11].
Table I lists the issued and proposed frequency allocations and
radiation regulations for 60-GHz radios in a number of countries
[7]-[13]. It should be mentioned that the maximum transmit
power is also limited to 10 mW in the US and Canada when
the electromagnetic radiation safety issues are considered.
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TABLE 1
FREQUENCY BAND AND LIMITS ON TRANSMIT POWER AND ANTENNA GAIN

Countries Frequency Maximum Tx Maximum

Band (GHz) Power (mW) Antenna Gain (dBi)
Japan 59-66 10 47
USA 57-64 500 Not Specified (NS)
Canada 57-64 500 NS
Australia  59.4-62.9 10 NS
Europe 57-66 20 37
China 57-66 10 NS
Korea 57-64 10 NS

TABLE II

IEEE 802.15.3C MODULATION SCHEMES

Transmission Mode Schemes
Common Mode n/2-BPSK
SC: Low Rate n/2-BPSK
SC: Medium Rate n/2-QPSK
/2-8QAM
SC: High Rate n/2-QPSK
1/2-16QAM
OFDM: Low Rate QPSK
OFDM: Medium Rate 16QAM
OFDM: High Rate 64QAM

The IEEE 802.15.3c Task Group was formed in March 2005
to standardize 60-GHz radios. In July 2008, the Task Group is
expected to finalize the standard [14]. To encompass available
but inconsistent unlicensed frequencies, the draft standard di-
vides nearly 9 GHz of spectrum from 57.24-65.88 GHz into
four 2.16-GHz channels. The Nyquist bandwidth of the stan-
dard is 1.632 GHz with a guard bandwidth of 264 MHz on each
side to prevent spectral leakage. The draft standard also enforces
three basic transmission modes: common mode, single carrier
(SC) mode, and the orthogonal frequency division multiplexing
(OFDM) Mode. The Common Mode is used for channel scan-
ning as well as low-speed communication with a 7/2-binary
phase shift keying (w/2 — BPSK) at the base rate of approx-
imately 50 Mb/s; while the SC and OFDM Modes are used for
high-speed communication at the varied rates. The mandatory
low rate required in both SC and OFDM Modes will be 1.5 Gb/s.
Table II lists the modulation schemes in the standard [14]. It is
seen that quadrature phase shift keying (QPSK) and quadrature
amplitude modulation (QAM) are preferred.

A number of applications such as uncompressed high def-
inition video streaming, mobile distributed computing, wire-
less gaming, Internet access, fast large file transfer, etc., are
envisioned and detailed in the 802.15.3c usage model docu-
ment [15]. This has attracted both large consumer electronics
and small start-up companies to explore this space. To what
extent and in what capacity these applications will be utilized
will be determined by the ability of these companies to over-
come 60-GHz technical challenges [16]. These challenges can
be broadly classified into four categories: characterization of
propagation channels, antenna technology, transceiver integra-
tion, and digital signal processing [17]. However, as will become
clear in the next section, antenna technology affects radio propa-
gation channels, transceiver designs, and choices of digital mod-
ulation schemes and hinders the establishment and reliability of
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a 60-GHz link. We will therefore concentrate on antenna tech-
nology and address newly proposed AoC and AiP solutions to
highly integrated 60-GHz radios in this paper.

The remainder of this paper is organized as follows: Section II
reviews the development of 60-GHz radio technology with an
emphasis on the link budget analysis to derive the requirements
for the antennas. Section III describes the AoC solution and
techniques to improve the AoC performance. Section IV dis-
cusses the AiP solution and the associated challenges. Section V
addresses electromagnetic interference. Finally, Section VI con-
cludes the paper with highlights on the system level pros and
cons of both AoC and AiP solutions from the electrical and eco-
nomic perspectives.

II. 60-GHZ RADIO ANTENNA TECHNOLOGY

In this section, highly integrated 60-GHz radios are
overviewed as a basis for the link budget analysis to de-
rive the antenna gain requirement.

A. Highly Integrated 60-GHz Radios

Traditional commercialized 60-GHz radios have been
designed as an assembly of several microwave monolithic
integrated circuits (MMICs) in gallium arsenide (GaAs)
semiconductor technology. They have been used for Gigabit
Ethernet (1.25 Gb/s) bridges between local area networks [18].
Recently, highly integrated transmitter (Tx) and receiver (Rx)
MMICs in 0.15-um GaAs pHEMT and mHEMT processes
have been realized [19], [20]. The single-chip MMICs are es-
pecially well suited for transmission and reception of 60-GHz
signals at data rates of several Gb/s [20]. However, the 60-GHz
radios in GaAs MMICs have minimal integration and are ex-
pensive. In order for 60-GHz radios to have mass deployment
and meet consumer marketplace requirements, the cost and size
of any solution must be low-cost and compact. That implies
silicon, not GaAs as the better technology choice. In fact,
designs towards low-cost highly integrated 60-GHz radios have
been realized in silicon technologies. For example, Floyd et al.
have demonstrated a 60-GHz fully integrated radio transmitter
and receiver chipset in a 0.13-um silicon-germanium (SiGe)
technology [21] and Wang et al. the 60-GHz fully integrated
transmitter in a 0.18-um SiGe technology [22]. Today, bulk
CMOS at 130- and 90-nm nodes are capable of reasonable
power gain at 60-GHz [23]-[29]. For example, Razavi has
demonstrated a 60-GHz radio transceiver chip in a 0.13-pym
CMOS [23] and Pinel et al. a 60-GHz transceiver chip in a
90-nm CMOS [26]. Building block circuits in a 65-nm CMOS
have also been designed and characterized [30]. Table III gives
some data of highly integrated 60-GHz radio chips in various
semiconductor technologies from the open literature [19]-[29].
It is interesting to note that more chipsets are designed in
CMOS and many of them utilize differential circuits. The noise
figure (NF) of the receiver gets improved, but the output power
of transmitter becomes inadequate as CMOS scales.

B. 60-GHz Radio Antenna Gain Requirement

The link budget for highly integrated 60-GHz radios is rather
limited due to low transmit power (10 mW), large propagation
loss (68 dB @ 1 m), and high data rate (> 2 Gb/s). Hence, the
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TABLE III
DATA OF 60-GHz RADIO CHIPS
Technology Die sizze Bandwidth Circuit-to Tx Power Rx Gain  RxNF Reference
(mm?®) (GHz) -antenna (dBm) (dB) (dB)
0.15-um GaAs pHEMT 5.0x3.5(Tx) 54.0-61.0 Single-ended 33 [19]
57x5.0(Rx) 55.0-63.0 Single-ended 8.5 9.8
0.15-pym GaAs mHEMT  4.0x3.0(Tx)  56.5-64.5 Single-ended 5.6 [20]
5.5x 4.0 (Rx) 54.5-64.5 Single-ended 12.9 7.2
0.13-pm SiGe BiCMOS 4.0x 1.6 (Tx)  59.0-64.0 Differential 15-17 [21]
3.4x 1.7 (Rx) 59.0-64.0 Single-ended 38-40 5-6.7
0.18-pm SiGe BiCMOS 1.3x0.8 58.0-62.0 Differential 15.8 N/A N/A [22]
0.13-um CMOS 1.0x 04 (Tx) NA Differential -10 [23]
03x04(Rx) NA Single-ended 27.5 12.5
0.13-um CMOS 0.022 58.5-61.5 Differential N/A 23.5 10.5 [24]
90-nm CMOS 24x1.1 61.34-63.4 Differential N/A 22 8.2 [25]
90-nm CMOS 1.8 x 1.5(Tx) 57.0-64.0 Single-ended 5.1 [26]
23x1.7(Rx)  57.0-64.0 Single-ended 51 9
90-nm CMOS 0.6 x 0.48 58.5-60.5 Single-ended N/A 21 74 [27]
90-nm CMOS 0.5x 0.37 57-61 Single-ended N/A 18-22 5.7-8.8 [28]
90-nm CMOS 1.53 50-75 Single-ended N/A 60 6.2 [29]
use of directional antennas is necessary, especially for line-of- TABLE IV

sight (LOS) applications. The directional antennas reduce multi-
path effect and therefore simplify the design of 60-GHz radios.
However, the directional antennas increase the outrage proba-
bility of the 60-GHz radios due to highly dynamic shadowing
[31], [32]. Assuming that the gain values of both transmit and
receive antennas are GG; and G,., respectively, one can express
their combination from the link budget equation as:

C
G: + G, :M-l-N-I-L]-I-kT—i—lOlogB
+NF + Pr, +10nlogd+ X, — P, (1)

where M represents the link margin, C'//N the carrier-to-noise
ratio required for demodulation, L the implementation loss of
a transceiver, k Boltzmann’s constant, 7" the temperature, B the
bandwidth, Py, the reference path loss at d = 1 m, n the loss ex-
ponent, and X, a zero mean Gaussian distributed random vari-
able with a standard deviation o, and P, the transmit power. Un-
less otherwise specified, the parameters in (1) are M = 10 dB
[17], L; = 6 dB [33], kT = —174 dBm at a standard tempera-
ture 17°C, B = 2.16 GHz, N F = 7 dB (a reasonable assump-
tion based on Table III for Si technologies), Pr, = 68 dB,n = 2
and X, = 2 dB for a LOS path in a typical indoor office [32],
and P, = 10 dBm. Therefore, (1) can be simplified as

Gt—i—GT:Q—l—%—F?Ologd )

for the LOS path. Now, it is clear that for the 60-GHz radio
to cover a distance d, the combined antenna gain depends on
C/N. The minimum C/N values for quasi-error-free recep-
tion by the 3/4 coded OFDM system with guard interval 1/4 in
Rayleigh channels are 10.7 dB for QPSK, 16.7 dB for 16-QAM,
and 21.7 dB for 64-QAM, respectively [32]. Table IV shows the
combined antenna gains in dBi required for the LOS path cal-
culated from (2). Taking the case of QPSK with the data rate of
2 Gb/s at d = 10 m as an example, one can see that the com-
bined antenna gain required for the LOS path is 33 dBi.

COMBINED ANTENNA GAIN REQUIRED FOR THE LOS PATH

Distance QPSK 16-QAM 64-QAM
(m) (2 Gbps) (4 Gbps) (6 Gbps)

1 13 19 24

5 27 33 38

10 33 39 44

20 39 45 50

C. 60-GHz Antenna Technology

Typical antenna types for mmWave radio systems are re-
flector, lens, and horn antennas. Reflector antenna technology
has achieved the highest level of development for high gain
applications. Lens antennas are a second in high gain tech-
nology; while horn antennas limit gain to about 30 dBi due to
construction capabilities [34]. Although these types of antennas
have high gain, they are not suitable for commercial (consumer)
60-GHz radios because they are expensive, bulky, heavy, and
more importantly they can not be integrated with solid-state
devices. Thus, one has to turn to printed antenna arrays for
mmWave radio systems. Printed antenna arrays such as mi-
crostrip patch or dipole arrays have many unique and attractive
properties—low in profile, light in weight, compact and con-
formable in structure, and easy to fabricate and integrate with
solid-state devices. Hence, they are suitable for commercial
60-GHz radios and efforts are now being undertaken for mass
production [35].

Fig. 1 shows the calculated gain levels of microstrip antenna
arrays based on a typical substrate material with relative permit-
tivity €,, = 2.15 and loss tangent tan § = 0.001 in the 60-GHz
band as a function of number of elements for both center- and
edge-fed cases. The microstrip antenna arrays consist of 2" x 2"
elements (n = 1,2,3...) with an inter-element distance of half
a free space wavelength 2.5 mm. The size of each element is
determined to be 2 mm X 1.5 mm by the cavity model. Ob-
viously, the required combined antenna gain is achievable for
the specified modulation scheme at the targeted data rate for the
LOS path with such an array. However, it becomes difficult to
achieve for the NLOS path, which is usually caused by human
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Fig. 1. Achievable gain of microstrip antenna arrays of 2 X 2" elements in
the 60-GHz band.
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Fig. 2. Tllustration of the cross section of silicon chip.

blockage. Experiments show that the effect of human blockage
varies from 18-36 dB at 60-GHz in indoor environments [36]. If
this happened, the combined antenna gain could become prohib-
itively high. To overcome such a problem, a switched-beam or
adaptive antenna array is required to search and beamform to the
available path. Switched beam arrays can be implemented more
easily than adaptive arrays. Switched beam arrays select from
a set of fixed beams to cover a given area; while adaptive ar-
rays require the capability of continuously adjusting phase shift
among the array elements. Adaptive antenna arrays are thought
to be a key technology for 60-GHz radios, particularly for those
implemented in CMOS [23].

Antennas and antenna arrays for highly integrated radios
operating at 60-GHz or above have received great attention
[37]1-[40], especially the AoC and AiP solutions [22], [23],
[25], [41]-[60]. This is not only because the antenna form
factor at 60-GHz is on the order of millimeters or less, which
opens up new integration options on a chip or in a package, but
also obvious advantages of cost, compactness, reliability, and
reproducibility of both AoC and AiP solutions. In the following
Sections, we focus on these for 60-GHz radios.

1. AoC

The AoC solution features the integration of antennas or ar-
rays together with other front-end circuits on the same chip
in mainstream silicon technologies such as SiGe or CMOS. It
should be mentioned that the AoC is not simply a matter of
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Fig. 3. Equivalent circuit model of an AoC with an off-chip ground shield.

straightforward copy of integrated antennas developed in GaAs,
for instance, vias-to-ground can be easily realized through the
substrate in standard GaAs, but not in a standard silicon process.
Fig. 2 shows the cross section of a silicon chip. Note that mul-
tiple metal layers are embedded between insulator layers on the
substrate. In a standard silicon process, the thickness of metal
layers ranges between 0.2 to 4 ym and the insulator layers be-
tween 0.2 to 1 pum. The number of metal layers is currently
6-8 and the separation from the top to bottom metal layers
rarely exceeds 15 pm. The thickness of the substrate is typically
500-750 pm. The metal is either aluminum or copper. The in-
sulator is SiOs or its variations with ¢,, = 2.2—4. The substrate
is silicon with ¢,, = 11.9 and is doped to exhibit low resistivity
p = 10 - cm, which is substantially smaller than that of GaAs
substrates (p = 107-10° © - cm).

The largest die size of the current 60-GHz radio in silicon,
as shown in Table III, is about 6.4 mm?. Considering the pos-
sibility of integrating more circuits such as the baseband pro-
cessor on the same chip, one can expect that the die size may
increase to tens of mm?. Consequently, more area may be avail-
able to integrate more antenna elements in an array format. Nev-
ertheless, we believe that high-directivity AoC is not practical
at 60-GHz with the expected die size. The key parameters for
the AoC thus become input impedance bandwidth and radiation
efficiency [40].

Fig. 3 shows an AoC equivalent circuit model. In the model,
the series branch comprises R, R., Rsu, L4, and Cy. Resis-
tances R,, R., and R, account for the radiation, conductor,
and surface-wave losses of the AoC, respectively. Ly and Cy
are the inductance and capacitance of the AoC, respectively.
The shunt branch consists of Coy, Csyp, and Rgyp,. Cox repre-
sents the oxide capacitance between the AoC and the silicon
substrate. Cyp, and Rgy, are the silicon substrate capacitance
and resistance, respectively.

The input impedance of the AoC can be written from the
equivalent circuit model as (3), shown below, where

Rd = Rc + Rr + Rsur (4)

[1 — w? (CdCSRdRS + Cde)] + 4 {w [Cde + C,R, (1 - w2C’de)]}

Zin (J(U) =

[—w?CqCy (Rq + Ry)] + j [w (Cq + Cy — w?CyC, L))

3
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Fig. 4. Photograph of an AoC test vehicle.

Rp
Ry=———5— 5
* T 17 Ww2RICT ©)
and
Cs;=C [1 + ! ] (6)
s — Vp T 5 o 10
w2R12,Og
with
1+ w?R2, (Ceup + Cox)’
wiR,,,C2
and
O = wcox + w2R§uszub (Csub + Cox) C(ox (8)
: 1+ szzub (Csub + COX)2 .
The radiation efficiency of the AoC can be expressed as
R,
= — 9
T Re[Zin (jwa)] ©

where Re[Zin(jwa)] is the real part of the input impedance of
the AoC at the resonance angular frequency

1
VL.Cy

Note that R, & Rgyp, from (7) and Rs « 1/Rp from (5), this
leads to

(10)

wq =

1 1
x —.

R, x
Rsub p

(1)

It is found numerically from (9) that the silicon substrate of low
resistivity results in poor radiation efficiency.

Dipole, monopole, inverted-F, Yagi, slot, and patch have been
used in the AoC designs [22], [23], [25], [41]-[50]. Among
them, dipole and Yagi are popular because they are differential
and can be connected to differential circuits of highly integrated
60-GHz radios without using lossy baluns. Fig. 4 shows the die
photograph of an AoC test vehicle. The dipole near the right
edge is designed for the 60-GHz band.
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Fig. 5. Simulated AoC efficiency results with an off-chip ground shield.

Fig. 5 shows the HFSS simulated efficiency of an AoC with
an off-chip ground shield. The AoC is an on-chip dipole that
has an arm size of 1000 ym x 20 ym X 4 pm and is placed
away from the edge of a die size of 5 mm X 5 mm X 0.5 mm by
100 pm. The AoC is assumed to be realized using the top metal
(copper) supported by a 9 um SiOs layer (¢, = 4) on a 487 um
Si substrate of low resistivity p = 10 €2 - cm. Note that the sim-
ulated efficiency of the AoC is poor, only 11.5% at 60 GHz.
This is expected from the combined effect of the low resistivity
and high permittivity of the silicon substrate. The low resistivity
causes loss due to heating in the presence of an electric field in
the substrate and the high permittivity causes loss due to power
trapped in surface-wave modes in the substrate. To improve the
AoC efficiency, it is important to know which is the major con-
tributor to the poor AoC efficiency, the low resistivity or the
high permittivity. Fig. 5 also shows the HFSS simulated AoC
efficiency results for both high resistivity and macro porous Si,
respectively. For the case of high resistivity Si, the resistivity is
increased to p = 103 © - cm; while for the case of macro porous
Si, e, = 2.2 for the SiO, layer and ¢,, = 6 for the Si substrate
are assumed. It is evident from the figure that the low resistivity
is the dominant factor to poor AoC efficiency [61].

Having understood the loss mechanisms, we now describe a
few techniques to improve the AoC efficiency.

A. Substrate Thinning

A study of integrated microstrip dipoles in GaAs shows that
optimum radiation efficiency can be obtained when the substrate
thickness 7" is chosen at the cutoff thickness of the surface-wave
T Eo mode given by A, /4 where )\, is the guided wavelength in
the substrate [62]. This choice is appropriate for GaAs, but not
for silicon substrates because they have very low resistivity re-
sulting in significant ohmic losses that cannot be neglected. A
careful investigation of radiation and propagation mechanisms
shows that the AoC efficiency can be improved by thinning sil-
icon substrates. According to mode theory, substrate thinning
to less than A, /4 cuts off all surface-wave modes except T'M.
This mode contributes constructively to the directly radiated
field through reflection at the ground plane and refraction at the
substrate-air interface, thus improving the radiation efficiency.
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The T'M surface-wave mode is an approximate plane wave be-
cause the F-field component is quite weak in the mode propa-
gation direction. It undergoes large attenuation over the propa-
gation in the substrate of low resistivity. To have a smaller at-
tenuation, the substrate should be chosen much thinner than the
thickness given by

. [ HrHoErEo +< 1 )_1
2 WPErEQ

where the symbols have their usual meaning. As an example,
consider a silicon substrate with &, = 11.9 and p =10£2 - cm,
we find T to be 1.3 mm at 60 GHz. Choosing a thickness 5
times thinner than this value yields 260 ;sm, which happens to be
around the wafer thickness, thinned before dicing. HFSS sim-
ulation shows that the efficiency of the AoC on a 241-pym Si
substrate can be doubled to 23% at 60 GHz. Further thinning
is possible, but more mechanical and reliability issues arise. In
addition to substrate thinning, other approaches are available in
a volume process such as placing the dipole nearest to the chip
edge or furthest to the substrate which can also improve the AoC
efficiency.

T= (12)

B. Proton Implantation

To avoid latch-up, low resistivity silicon substrates are pre-
ferred; while to improve mmWave antenna or other passive
elements performance, high resistivity silicon substrates are
favored. To solve this contradictory requirement of high and
low substrate resistivity for single-chip mmWave radios, a
proton implantation process has been developed to increase the
resistivity of silicon substrates from 10 © - cm to 10 € - cm
underneath selected devices [43]. The proton implantation
uses the low energy proton implant of ~ 4 MeV after device
fabrication, to avoid contamination of process integration and
degradation to the gate oxide with radiation generated by
nuclear reactions. Moreover, smaller implantation depth can be
easily achieved by masking with commercial thick photoresists
to enable the selective creation of high resistivity region below
the desired devices such as antennas. A monopole fabricated
using aluminum of 4 ym thick and 0.922 mm long on 1.5 pym
oxide on silicon substrate of 525 pm thick was characterized
comparatively with and without proton implantation. The
measured results showed that the monopole gain with proton
implantation was significantly higher than that without, for both
average and peak gain values of 4.2 and 6.4 dB at 103 GHz,
respectively.

C. Micromachining

Micromachining techniques use either wet or dry backside
etching to selectively remove parts of the bulk silicon substrate.
In the wet etching process, a silicon wafer is typically sub-
merged in a chemical liquid to create cavities and membranes in
the substrate. An advantage of wet etching is the batch type na-
ture of the process, that is, several wafers can be submerged in
the chemical liquid simultaneously, thus allowing low cost pro-
duction. However, the etching is restricted by the crystal planes
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in the substrate, thus leaving the etched cavities with slanted
walls. In the dry etching process, a single wafer is put in an
evacuated chamber where plasma is generated to etch the silicon
substrate. It is capable of yielding cavities with vertical walls,
thus allowing substrate material to be selectively removed with
good precision. A disadvantage of dry etching is generally it is
more costly because of the expensive equipment used and time
required [47].

A micromachining technique can be used to remove silicon
substrate in areas where the AoC produces high field strength.
This is important because it can not only reduce the substrate
loss due to low resistivity and high permittivity so as to improve
AoC efficiency, but can also reduce the problem of mechanical
stability of the whole chip. One specific AoC design consists of
two stacked high resistivity silicon substrates: 1) the top sub-
strate of 254 pm thick, which carries the microstrip antenna, is
micromachined with dry etching to create a 3 mm x 3 mm X
0.2 mm large cavity to improve the radiation performance of
the AoC and 2) bottom substrate of 100 pm, which carries the
microstrip feed line and the coupling slot. The measured return
loss was more than 35 dB at 62-GHz. The measured impedance
bandwidth was 6 GHz and simulated efficiency was 77% [47].
Another AoC has been designed and fabricated on a 1 ;sm quartz
membrane on a 10 €2 - cm silicon substrate of 550 pm thick by
wet etching for the 60-GHz band [48]. Since the depth of the
etched cavity is 400 pm and the silicon substrate underneath
the antenna is still quite thick, comparison with the AoC on the
non-micromachined substrate shows that radiation efficiency of
the micromachined AoC has only been improved by a factor
of 1.3.

D. Superstrate Focusing

It has been well known that by properly choosing superstrate,
a significant improvement in directivity and efficiency of inte-
grated antennas can be achieved, enabling the superstrate to act
as a desirable part of the antenna as well as a protective layer
[63]. The improvement in directivity can be explained as a fo-
cusing effect and as the suppression of surface-wave excitation.
A cavity-backed slot-type AoC is implemented with the top and
bottom metal layers on a silicon substrate with ¢,, = 11.9 and
p = 10 Q-cm. On top of the slot layer there is a superstrate layer
of high permittivity that improves the radiation efficiency. The
superstrate measures 1 mm X 0.25 mm X 0.6 mm and has the di-
electric constant 38. The required silicon area for the implemen-
tation of 60-GHz antenna is 0.25 mm?. The radiation efficiency
of more than 30% is achieved [50]. It should be noted that su-
perstrate focusing improves the AoC radiation performance at
the cost of bandwidth. Also, the superstrate focusing technique
should be developed as a part of standard packaging process to
reduce the cost.

Improvement of the AoC radiation by using exotic tech-
niques such as proton implementation and micromachining
deviates from mainstream silicon technology, which undoubt-
edly increases the cost of the total solution. Nevertheless, the
realization of a truly single-chip 60-GHz radio and avoidance
of transmission loss due to interconnect are still encouraging
circuit designers to explore the integration of an antenna (or an-
tennas) with other circuits on a single-chip for very-short-range
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Fig. 6. Illustrations of AiP solution: (a) horizontal and (b) vertical
configurations.

wireless communications or array applications [22], [23], [25],
[35].

IV. AIP

The AiP solution combines an antenna (or antennas) with a
highly integrated radio die into a standard surface mounted chip-
scale package device, which is a recent innovative and impor-
tant development in the miniaturization of wireless systems. The
AiP solution has been recognized as the most promising antenna
solution to highly integrated mmWave radios for high-speed
short-range wireless communications because of high gain and
broad bandwidth [50]-[60]. Fig. 6 illustrates two basic configu-
rations of the AiP solution to highly integrated mmWave radio
devices. For the first configuration shown in Fig. 6(a), two cavi-
ties are formed in the package. One houses the highly integrated
radio die and the other, air-filled, enhances the antenna perfor-
mance. For the second configuration shown in Fig. 6(b), the
highly integrated radio die is packaged with the antenna on a
multilayer structure in a vertical stacking configuration. Inter-
connection between the radio die and the antenna can be real-
ized by using either wire-bonding or flip-chip techniques for the
first configuration and by using the flip-chip technique for the
second configuration. It should be emphasized that both wire-
bonding and flip-chip techniques are inductive interconnections,
which exhibit higher frequency bounds. Interconnection using
the electromagnetic- or capacitive-coupling techniques directly
between the radio die and the antenna for both configurations is
also possible at even higher frequencies.

A. Materials and Technologies

Materials and process technologies capable of realizing AiP
in high volume for mmWave radios are limited. Materials like
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high-resistivity silicon, Teflon, ceramics, polymers are candi-
dates. Among them, low temperature cofired ceramic (LTCC)
and liquid crystal polymer (LCP) materials and associated
process technologies are particularly attractive [64].

There are several LTCC materials and processes in the
market. To our knowledge, Ferro A6-S LTCC material is suit-
able for mmWave applications. It has been characterized over
a frequency range up to 110 GHz showing ¢, = 5.9 £ 0.2 and
tand < 0.002 at 60, 77, and 94 GHz. Based on Ferro A6-S
material, LTCC process technologies have been successfully
developed in different foundries to realize functional packages
[65], antennas [66], and AiP designs [67] for applications in the
60-GHz band. New advances in LTCC promise thinner ceramic
types from standard 100 to 50 pm, finer line widths from typical
100 to 35 pm, and slimmer via diameters from 100 to 50 pym
suitable for applications at even higher frequencies. As with
any material, LTCC has limitations; for example, it laminates
at temperatures above 850 °C, which is far above that which
destroys active devices. So despite the ability to create hermetic
multilayer substrates with integrated passive elements and
antennas, the active devices must still be packaged separately
and connected after the firing process [64].

Recently, LCP material has drawn much attention in the pack-
aging industry because of its excellent mechanical, electrical
and thermal characteristics. LCP process technologies have also
been improving rapidly. Compared with LTCC, LCP has lower
e = 3 £ 0.2 and slightly higher tan § = 0.002-0.004 to the
mmWave bands. Also, LCP has thinner thickness of 25 ym and
finer line width and space of a few micrometers. More impor-
tantly, LCP has its ability to create near-hermetic homogeneous
multilayer dielectric laminations at a temperature of 285 °C low
enough to potentially package both active and passive devices
into a compact module [64]. All these have generated great in-
terest in using LCP for mmWave applications. It is therefore
believed that LCP is well suited for mass production of AiP de-
signs for 60-GHz radios.

B. Interconnection

Interconnection between the radio die and the antenna in the
AiP solution should provide good return loss and low insertion
loss over the signal frequency range. Two kinds of interconnect
techniques are available in the mainstream packaging industry.
They are the wire-bonding and flip-chip techniques [68]-[70].
Interconnection using the wire-bonding technique has been
identified as one of key challenges because the discontinuity
introduced by the bond wire can significantly affect the perfor-
mance of the entire radio at mmWave frequency. Nonetheless,
the wire-bonding technique, well established in consumer elec-
tronics, remains a very attractive solution since it is robust and
inexpensive. In addition, it has the advantage of being tolerant
on chip thermal expansion, an important requirement for many
applications. Interconnection using the flip-chip technique has
better performance than using the wire-bonding technique
because the bump height is kept smaller than the length of the
bond wire and the bump diameter is thicker than that of the
bond wire. A bond wire as a series inductor will drastically in-
crease the impedance and loss as the frequency or the length are
increased. Hence, compensation is needed for the wire-bonding
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Fig. 8. Asymmetric compensation scheme in a series network.

technique. Symmetric compensation consumes additional die
area and often results in output impedance different from the
usual 50 €2 reference. Therefore, asymmetric compensation of
only one terminal of the bond wire in the package is preferable
in the AiP solution and many other cases.

Fig. 7 shows an asymmetric compensation scheme in a T-net-
work for the bond wire. Ly,, models the bond-wire inductance to
be compensated by adding inductance L,, and capacitance C), in
the package. This scheme for a signal bond wire has been used
in [40] and [71]. This scheme has two drawbacks: one is the
large in-package area required to implement L, and C,, and the
other is the interconnect between the radio chip to the antenna
requiring a DC blocking capacitor on the chip. Fig. 8 shows an-
other asymmetric compensation scheme [72]. As shown, a se-
ries capacitance tunes the inductance of the bond wire to a res-
onant condition, thus compensating the high inductance of the
bond wire at the resonant frequency. In the mmWave frequency
range, the capacitance for the compensation is on the order of
tens of femtofarads or less, making the structure very compact.
In addition, it does not need to implement the DC blocking ca-
pacitor on the chip.

C. An AiP Example

IBM researchers have demonstrated a complete AiP solution
for 60-GHz radios in a land grid array package using plastic
mold injection technology and have shown that a folded dipole
antenna suspended in a metal cavity has very good radiation ef-
ficiency about 90% [51]-[54]. Toshiba engineers have demon-
strated another AiP solution, which connects the chip 60-GHz
input and output pads to the metal plate on the chip mounting
substrate with bonding wires to form a three-dimensional trian-
gular loop. The three-dimensional triangular loop creates dis-
tance between the chip and the strong electric current, thereby
minimizing deterioration of efficiency [55]. An AiP example
based on Ferro A6-S LTCC is shown in Fig. 9 for highly in-
tegrated 60-GHz radios. The size of the whole AiP is 12.5 x
8 x 1.265 mm?®. Note the stepped cavity can house a highly in-
tegrated 60-GHz radio die of current size. The antenna consists
of a slot radiator, a guard-ring director, a ground-plane reflector,
and a fence of vias. A well-controlled electromagnetic environ-
ment is created for the antenna part of the AiP, which makes
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Fig. 9. Photograph of an AiP example.

the antenna performance less sensitive to the carried radio die,
printed circuit board dielectric and metallic structures-an im-
portant design feature for system integration. The isosceles tri-
angular slot with the base about one guided wavelength \g is
inductively fed with a 50-§2 coplanar waveguide (CPW). The
guard ring is about A\g/2 wide. The gaps between the guard ring
and the slot radiator are smaller than \g/2. The fence of vias
shorts the outer metal edge of the slot radiator to the reflector.
The ceramic material under the slot radiator is modulated with
air holes to reduce surface waves. A quasi-cavity-backed slot
antenna is thus realized in the package.

Fig. 10 shows the HFSS simulated and measured perfor-
mance of the AiP. It is seen that they are in good agreement.
The simulated and measured return loss values are higher than
7 dB from 59 to 65 GHz indicating acceptable matching to
a 50-Q source at these frequencies. The simulated and mea-
sured radiation patterns of the AiP at 61.5 GHz reveal that
the H-plane patterns are similar too, but the E-plane patterns
are different from those of a conventional cavity-backed slot
antenna. A shaped-beam pattern can be seen in the co-polar
E-plane with the main beam in the directions from 45° to 60°.
The shaped-beam pattern in the co-polar E-plane is mainly
caused by the package ground. The measured and calculated
peak gain values for the slot AiP in the main beam direction
are 11 and 9.5 dBi at 61.5 GHz, respectively with an estimated
efficiency of 94%.

V. ELECTROMAGNETIC INTERFERENCE

A major concern with both AoC and AiP solutions is electro-
magnetic interference (EMI), which causes mutual coupling and
affects the proper operation of the antenna and circuits. An un-
derstanding of the coupling mechanisms, impact of the process
technology, grounding effects, guard rings, shielding, filtering,
and decoupling is necessary to reduce EMI.

For the AoC solution, the circuits, especially their power
lines, inductors, and capacitors will detune the antenna and
affect its radiation patterns. Hence, the layout of the antenna
should be kept away from them as far as possible [50]. On
the other hand, the antenna couples to the circuits, especially
the sensitive low noise amplifier, may degrade their perfor-
mance. Two major coupling mechanisms are known, one is the
substrate coupling and the other is the power-line coupling.
The use of differential topology in the antenna and circuits can
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Fig. 10. Simulated and measured performance of the AiP: (a) magnitude of
S11, (b) gain and efficiency, (c) E-Plane patterns, and (d) H-Plane patterns.

substantially reduce EMI though the substrate coupling because
the coupled crosstalk appears as common-mode in nature. The
ability to suppress the substrate coupling also explains the pop-
ularity of dipole and Yagi in the AoC solution. The widespread
of the power lines on the chip can be an unintended antenna [47]
with which the AoC can couple. It is known that this coupling
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mechanism can be effectively prevented by using filtering and
decoupling techniques implemented with the power lines.

For AiP solution, EMI is mainly generated from the discon-
tinuity of interconnection between the chip and antenna, the
excitation and propagation of surface waves, and the antenna
far-field radiation. The techniques to reduce EMI are the use
of differential antennas, air cavity and holes, guard rings, and
fences of vias. The design guideline of the guard rings and
fences of vias for the AiP solution using microstrip antennas
can be found in [73].

VI. CONCLUSION

Driven by the release of the regulations in many countries,
the imminent approval of the IEEE standard, and the potential
of many exciting high-volume applications, one can see that a
paradigm shift is taking place in the integration of mmWave
60-GHz radios from high cost and low volume in compound
semiconductor technologies such as GaAs, towards low cost
and high volume in silicon semiconductor technologies such as
CMOS. Due to limited transmit power, high propagation loss,
and data rate, the directional antenna plays a crucial role in these
60-GHz radios. The antenna gain requirement has been derived
from the link budget analysis. Two antenna concepts known as
the AoC and AiP solutions have received considerable atten-
tion recently. The AoC solution tries to realize the antenna (or
antennas) on the same chip as other circuits in the mainstream
semiconductor technology and the AiP solution manages to re-
alize the antenna (or antennas) in the package that carries highly
integrated mmWave radios in a packaging technology.

Virtually, all components including the antenna should be
integrated on chip for reliability and cost reasons, but one
has to admit that the silicon substrate is not optimized for
antenna integration. The effects of the high permittivity and
low resistivity of the silicon substrate limits the AoC efficiency
to less than 12%. The techniques that can improve the AoC
efficiency such as substrate thinning, proton implantation,
micromachining, and superstrate focusing are either rather
limited or deviate from the mainstream high volume processing
techniques, which undoubtedly increases the cost and reduce
the reliability of the whole system. Nevertheless, the realization
of a truly single-chip 60-GHz radio, avoidance of transmission
loss due to chip-to-package interconnect, and no need to use
electrostatic discharge circuits are yet encouraging circuit
designers to explore the integration of an antenna (or an-
tennas) with other circuits on a single-chip for very-short-range
wireless communications, arrays and sensor applications.
The AiP solution is the most elegant and promising antenna
solution to highly integrated mmWave radios for high-speed
short-range wireless communications because of high gain
and broad bandwidth. The major AiP challenge of how to
realize low-loss interconnections between the chip and antenna
has been addressed. It has been proven that the wire-bonding
interconnect, although inferior to the flip-chip, is still feasible
in the 60-GHz band with the proper compensation schemes. An
example of the AiP solution has been given in LTCC showing
high efficiency more than 90%. Both AoC and AiP solutions
cause EMI issues. To reduce the negative effects due to EMI,
the use of differential topology in the antenna and circuits is
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suggested. Such techniques as shielding, guarding, filtering,
and decoupling are effective to suppress EMI.

As the current AiP solution uses only one antenna element,
the gain is not enough, so it is necessary to extend it to an an-
tenna array to achieve gain of more than 25 dBi in LTCC. Also,
the development of the AiP solution in LCP or at even higher
frequency, say, 100 GHz is worthwhile. Furthermore, the code-
sign of mmWave radio in silicon with the antenna elements in
the package to realize switched beam arrays or adaptive arrays
appears more important. It is therefore anticipated that the works
presented in this paper are useful and inspiring for those inter-
ested in the development of highly integrated mmWave radios
for emerging high-speed short-range wireless communications.
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