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Chapter 1

Millimeter-Wave
Monolithic Integrated
Circuit for Wireless LAN

Jin-Koo Rhee, Dan An, Sung-Chan Kim,
and Bok-Hyung Lee
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1.3.4.5 Airbridge Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .38

1.4 WLAN Applications of Millimeter-Wave Monolithic Circuits . . . . . . . . .39

1.5 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .49
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1.1 Introduction
The increase in high-performance personal computers (PCs) and multi-

media equipment in offices and homes requires high-speed and broad-

band wireless data transmission. This requirement makes wireless indoor

communication systems such as wireless local area networks (WLAN) and

personal area networks (PAN) because of their portable convenience. For

such short-range indoor broadband WLAN and PAN systems, the millimeter-

wave band offers significant advantages in supplying enough bandwidth

for the transmission of various multimedia content. In particular, there has

been an increasing requirement for the development of the V-band WLAN

for commercial applications. The frequency of 60 GHz is very useful for

short-distance wireless communications due to the strong absorption char-

acteristic by oxygen in the atmosphere. Therefore, frequency efficiency is

improved compared to other frequency bands. In the last few decades,

many research groups in the world have developed millimeter-wave LAN

systems. For example, Communications Research Laboratory (CRL, now

NiCT) took up the project of developing indoor WLAN systems using mil-

limeter waves in 1992 [1]. The final goal of the millimeter-wave WLAN

systems is to provide point-to-multipoint access with transmission rates

higher than 100 Mbps for the connectivity of broadband integrated ser-

vices digital networks (B-ISDNs) or conventional fast Ethernet. For these

millimeter-wave WLAN applications, we have to solve some problems. First

of all, we have to reduce the size and cost of the systems. The millimeter-

wave systems are generally fabricated using HIC (hybrid integrated circuit)

technology, causing a large system. MMIC (monolithic millimeter-wave in-

tegrated circuit) technology is regarded as an alternative to HIC technology

due to its ability to integrate active with passive elements on a single semi-

conductor substrate [2–6]. The MMIC has advantages, such as small size,

high reliability, high productivity, and low cost due to using semiconduc-

tor technologies compared to the conventional HIC. The main objective

of this chapter is to discuss the MMIC technology and its applications for

millimeter-wave wireless LAN. First, millimeter-wave WLAN will be intro-

duced. Then, the modeling of active and passive devices will be described.

The design and fabrication technologies of millimeter-wave circuits are pre-

sented. Finally, millimeter-wave monolithic circuits for WLAN applications

are explained.
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1.2 Millimeter-Wave Wireless Local Area Network
Recently, a broadband and high-speed indoor network for office and home

environments has been required. Additionally, microwave frequency bands

have been saturated and there is growing necessity to exploit new fre-

quency bands that have not yet been utilized for commercial applications.

For this reason, utilization of the millimeter-wave band has been recom-

mended, and much research has been devoted to developing millimeter-

wave wireless LAN. Advantages of millimeter-wave communication are very

wide frequency band, high-speed transmission, and radiated power limita-

tion for unlicensed use. Therefore, millimeter-wave WLAN can be utilized

in short-range communication and indoor networks. In particular, a 60-GHz

band is very useful for wireless short-distance communications due to

strong absorption by oxygen. Thus, compared to other frequency bands,

frequency efficiency is improved. Figure 1.1 shows the atmospheric ab-

sorption versus frequency [7]. Features to be noted are:

1. Good coexistence between millimeter-wave system and 802.11a/b/g &

Bluetooth due to large frequency difference

2. Higher speed transmission, more than 1 Gbps

3. Exploitation of antenna directivity

4. Simple modulation/demodulation

5. Simple signal processing
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Figure 1.1 Average atmospheric absorption of frequency.
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IP network 
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Contents server 
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MT 
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Figure 1.2 Utilizations of millimeter-wave wireless LAN.

Millimeter-wave WLAN is possible for wireless networks such as mul-

timedia equipment, home appliances, videosignal transmissions, and per-

sonal computers. Utilization of millimeter-wave WLAN is explained in

Figure 1.2. A millimeter-wave circuit and system have been developed using

a waveguide module, hybrid integrated circuit method, resulting in large

size, high cost, and low productivity. Use of these systems in wireless LAN

has many problems due to small size and low cost in wireless LAN. To

overcome these problems, high-speed devices such as high electron mo-

bility transistors (HEMTs) and MMTCs need to be added to the millimeter-

wave wireless LAN. Figure 1.3 shows normal millimeter-wave WLAN and

millimeter-wave circuit components. Millimeter-wave components are usu-

ally composed of a low-noise amplifier (LNA), a power amplifier, an os-

cillator, and an up/down mixer. Also, passive components such as a filter,

an antenna, a coupler, and a circulator are required. These components

can be varied with system architecture. Millimeter-wave circuits must be
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Figure 1.3 Millimeter-wave WLAN and millimeter-wave circuit components (IF, in-
termediate frequency).

realized high-speed operating characteristics, high linearity, small size, and

low cost. For this reason, many technologies such as device modeling, cir-

cuit design, circuit fabrication, and measurement technology need to be

developed for MMICs.

1.3 Millimeter-Wave Monolithic Integrated
Circuit Technology

1.3.1 Millimeter-Wave Device and Modeling

1.3.1.1 Millimeter-Wave HEMT Technology

To fabricate the MMIC devices for the 60-GHz wireless LAN system, the

development of active devices that have a high frequency, low noise, and

high power performance is an essential theme. Since introduced in 1981 [8],

the AlGaAs/GaAs HEMT has been widely used for the microwave region

hybrid and monolithic circuits. However, the frequency performances of

the conventional AlGaAs/GaAs HEMT devices cannot satisfy the millimeter-

wave region (30–300 GHz) MMIC applications. In order to obtain the high-

frequency performance, a Pseudomorphic HEMT (PHEMT), which has a

relatively low energy band gap characteristic for higher conduction band

offset, has been developed. The PHEMT epitaxial structure is shown in

Figure 1.4. The epitaxial structure of the device consists of the following

layers: an 500 nm GaAs buffer layer, an 18.5/1.5 nm AlGaAs/GaAs × 10

super-lattice buffer layer, a silicon planar doped layer (1×1012/cm2), a 6-nm
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GaAs capping layer, 5 × 1018/cm3, 30 nm

AIGaAs donor layer, undoped, 25 nm

AIGaAs spacer layer, undoped, 4.5 nm

AIGaAs channel layer, undoped, 12 nm

AIGaAs spacer layer, undoped, 6 nm

δ-doping layer, 1 × 1012/cm2

GaAs super lattice buffer, 500 nm

Semi-insulating GaAs substrate

δ-doping layer, 5 × 1012/cm2

Figure 1.4 The epitaxial structure for PHEMT fabrication. (Copyright 2004. With
permission from Elsevier.)

AlGaAs lower spacer layer, a 12-nm InGaAs channel layer, a 4-nm AlGaAs

upper spacer layer, a silicon planar doped layer (5 × 1012/cm2), a 25-nm

AlGaAs donor layer, and a 30-nm GaAs cap layer [9–10]. In this chapter,

the DC characteristics of the 70 μm × 2 PHEMTs were measured by an

HP 4156A DC parameter analyzer. The obtained DC performances show a

knee voltage (Vk) of 0.6 V, a pinch-off voltage (Vp) of –1.5 V, a drain-source

saturation current (Idss) density of 384 mA/mm and a maximum extrinsic

transconductance of 367.9 mS/mm, as shown in Figure 1.5. Radio frequency

(RF) characteristics of the PHEMTs were examined by an HP 8510C vector

network analyzer. The measurement of S-parameters was performed in a

frequency range of 1–50 GHz. For this RF measurement, the drain and gate

bias conditions of 2 V and –0.6 V were used. We obtained a current gain cut-

off frequency (ft) of 113 GHz, a maximum frequency of oscillation (fmax)

of 180 GHz, and a measured S21 gain of 3.9 dB at 50 GHz, as shown in

Figure 1.6. HEMTs on InP substrates have demonstrated superior microwave

and low-noise performances compared to PHEMTs on GaAs substrates. The

excellent device performances of the InP-based HEMTs operating in the

millimeter-wave region is mostly based on the InGaAs/InAlAs/InP material

system. However, compared to GaAs-based wafers, InP-based wafers have

some critical drawbacks, such as the mechanical fragility of the wafers and

the higher material cost. Moreover, InP-based HEMTs are not quite proper

for large-scale production because the backside etching rate for the InP

material is much slower. In recent decades, active research has been done

on GaAs-based metamorphic HEMTs (MHEMTs) to address the needs for

both high microwave performance and low device cost [11–13]. The use

of metamorphic buffers on GaAs substrates was introduced to accommo-

date the lattice mismatch between the substrate and the active layers, as
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total gate width: 140 μm). (Copyright 2004. With permission from Elsevier.)
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Figure 1.6 The RF characteristics of pseudomorphic HEMT (gate length: 0.1 μm,
total gate width: 140 μm). (Copyright 2004. With permission from Elsevier.)

well as to avoid the InP substrates. By using the metamorphic buffers, un-

strained InGaAs/InAlAs hetero-structures could be grown over a wide range

of indium (In) contents for the InGaAs channels, thereby exhibiting device

performances comparable to those of InP-based HEMTs. In Figure 1.7, the

device active layers of MHEMT are grown on a strain-relaxed, composition-

ally graded, metamorphic buffer layer. The buffer layer provides the ability

to adjust the lattice constant to any indium content channel desired, and

therefore allows the device designer an additional degree of freedom to

optimize the transistors for high frequency gain, power, linearity, and low

noise and to trap dislocations and prevent them from propagating into the

device channel. The DC and transfer characteristics of the MHEMT were

measured using an HP 4156A semiconductor parameter analyzer. As shown

in Figure 1.8, a pinch-off voltage of –1.5 V and a drain saturation current

of 96 mA were measured at a gate voltage (Vgs) of 0 V. The fabricated

MHEMT also showed a maximum transconductance of 760 mS/mm at a

Vgs of –0.3 V and a drain voltage (Vds) of 1.8 V. The S-parameters of the

MHEMTs were measured using an ME7808A Vector Network Analyzer in

a frequency range from 0.04 to 110 GHz. In Figure 1.9, we showed the

measured S21, h21, and maximum stable gain (MSG) of the MHEMT. The

measured S21, ft, and fmax of the MHEMT were 6 dB (at 110 GHz), 195

GHz, and 391 GHz, respectively.
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InGaAs capping layer, 6 × 1018/cm3, 15 nm

InAIAs donor layer, undoped, 15 nm

InAIAs spacer layer, undoped, 3 nm

InGaAs channel layer, undoped, 23 nm

InAIAs spacer layer, undoped, 4 nm

δ-doping layer, 1.3 × 1012/cm2

InAIAs buffer layer, undoped, 400 nm

InxAI1–xAs (x = 0~0.5) Metamorphic buffer, undoped, 1000 nm

Semi-insulating GaAs substrate

δ-doping layer, 4.5 × 1012/cm2

Figure 1.7 The epitaxial structure for MHEMT fabrication.

1.3.1.2 Millimeter-Wave Active Device Modeling

A small-signal equivalent model is widely used to analyze the characteristics

of gains and noises of active devices. These models provide a vital con-

nection between measured S-parameters and the electrical operating char-

acteristics of the device. A more precise small-signal model provides some

of the most important information in designing the devices and circuits

as well. The components in the small-signal equivalent circuit are com-

posed of a lumped element approximation to some aspect of the device

physics. The small-signal equivalent model consists of both extrinsic and

intrinsic elements. In general, the operating characteristics of devices may

be mainly decided by the intrinsic elements such as Cgs, Cgd, Cds, gm,

gds, and Ri. The values of intrinsic elements may be varied by the values of

extrinsic elements. Therefore, through the precise extraction of the values

of extrinsic elements, a more precise small-signal equivalent model may

be formed. The small-signal parameter extraction of the HEMT is very use-

ful for the device modeling and analysis in the design of millimeter-wave

circuits. The small-signal equivalent circuit of an HEMT is shown in Fig-

ure 1.10. Basically, this equivalent circuit can be divided into two parts: (1)

the intrinsic elements gm, Rds, Cgs, Cgd, Cds, Ri, and which are functions

of the biasing conditions; and (2) the extrinsic elements Lg, Ld, Ls, Rg, Rd,

Rs, Cpg, and Cpd, which are independent of the biasing conditions.

The extraction method of small-signal parameters has usually used the

Dambrine method [14]. Figure 1.11 and Table 1.1 show the procedure of

small-signal extraction and the extracted small-signal parameters of nor-

mal GaAs HEMTs, respectively. A small-signal model depicts linear char-

acteristics of the device, while a large-signal model expresses nonlinear



P1: Prasannajit

April 22, 2008 13:54 AU8227 AU8227˙C001

10 � Millimeter Wave Technology in Wireless PAN, LAN, and MAN
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Figure 1.8 DC characteristics of GaAs metamorphic HEMT (gate length: 0.1 μm,
total gate width: 140 μm).

characteristics of the device. Analytical large-signal models approximate

the nonlinear properties of an active device using a unique set of analyt-

ical equations. These nonlinear characteristics can be related to elements

of the large-signal equivalent circuit. The large-signal parameters and the

equivalent circuit are shown in Table 1.2 and Figure 1.12 respectively [15].

The large-signal model of the device can be used to analyze the perfor-

mance of the nonlinear components, such as a power amplifier, an oscilla-

tor, a mixer, etc. Several studies have developed a large-signal model that
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Figure 1.9 The RF characteristics of metamorphic HEMT (gate length: 0.1 μm, total
gate width: 140 μm).

describes the nonlinear characteristics of a device. These models include

the Curtice model, Statz model, TriQuint Own Model (TOM), Root, etc.

The large-signal modeling method is generally following procedures and

is shown in Figure 1.13: (1) device measurement (DC, RF characteristics),

(2) extraction of parameter set using analytical equations, (3) a simulation

G
Lg Rg

v
Cpo

Cgs

Ri

Rs

Ls

S

Rds Cds

Cpdids

Cgd

Intrinsic device

Rd Ld
D

Figure 1.10 A small-signal equivalent circuit of HEMT.
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S-parameter measurement

Extrinsic capacitance extraction 

(coldFET, reverse) 

Extraction parameters 

De-embedding 

Intrinsic parameters 

extraction 

PHEMT

small-signal model

Extrinsic inductance, resistance 

extraction (coldFET, forward) 

Operation bias 

ColdFET, reverse bias 

ColdFET, forward bias 

Figure 1.11 The procedure of small-signal modeling.

Table 1.1 The Extracted Small-Signal Param-
eters of GaAs, PHEMTs, and MHEMTs (gate
length: 0.1 μm; total gate width: 140 μm)

Extrinsic Intrinsic

Parameter Value Parameter Value

(a) GaAs Pseudomorphic HEMT

Rg [�] 1.980 Cgs [pF] 0.178
Rd [�] 6.900 Cgd [pF] 0.010
Rs [�] 3.120 Cds [pF] 0.012
Lg [nH] 0.085 Rds [�] 782.2
Ld [nH] 0.140 Gm [mS] 58.59
Ls [nH] 0.011 τ [psec] 1.190
Cpg [pF[ 0.060 Ri [�] 2.310
Cpd [pF] 0.040

(b) GaAs Metamorphic HEMT

Rg [�] 2.560 Cgs [pF] 0.062
Rd [�] 6.730 Cgd [pF] 0.005
Rs [�] 2.600 Cds [pF] 0.003
Lg [nH] 0.210 Rds [�] 1143
Ld [nH] 0.094 Gm [mS] 83.73
Ls [nH] 0.006 τ [psec] 1.030
Cpg [pF[ 0.054 Ri [�] 1.720
Cpd [pF] 0.052



P1: Prasannajit

April 22, 2008 13:54 AU8227 AU8227˙C001

Millimeter-Wave Monolithic Integrated Circuit for Wireless LAN � 13
Ta

bl
e

1.
2

Th
e

La
rg

e-
Si

gn
al

Pa
ra

m
et

er
s o

f G
aA

s P
H

EM
Ts

an
d

M
H

EM
Ts

(g
at

e
le

ng
th

: 0
.1

μ
m

; t
ot

al
ga

te
w

id
th

: 1
40

μ
m

; E
EH

EM
T1

m
od

el
)

Pa
ra

m
et

er
D

es
cr

ip
tio

n
PH

EM
T

(U
ni

t)
M

H
EM

T
(U

ni
t)

V
to

Z
er

o-
bi

as
th

re
sh

ol
d

pa
ra

m
et

er
−1

.6
79

(V
)

−1
.2

37
(V

)
V

go
G

at
e-

so
ur

ce
vo

lta
ge

w
he

re
tr

an
sc

on
du

ct
an

ce
is

m
ax

im
um

−6
34

.2
(m

V
)

−6
87

.0
(m

V
)

G
m

,m
ax

Pe
ak

tr
an

sc
on

du
ct

an
ce

pa
ra

m
et

er
46

.8
3

(m
S)

76
.2

1
(m

S)
V

sa
t

D
ra

in
-s

ou
rc

e
cu

rr
en

ts
at

ur
at

io
n

pa
ra

m
et

er
97

3.
0

(m
V

)
19

3.
2.

0
(m

V
)

K
ap

pa
O

ut
pu

tc
on

du
ct

an
ce

pa
ra

m
et

er
0.

01
3

(1
/V

)
0.

02
5

(1
/V

)
C

11
o

M
ax

im
um

in
pu

tc
ap

ac
ita

nc
e

fo
r

V
ds

=
V

ds
o

an
d

V
ds

o
>

D
el

td
s

12
9.

2
(fF

)
72

.4
(fF

)
C

11
th

M
in

im
um

in
pu

tc
ap

ac
ita

nc
e

fo
r

V
ds

=
V

ds
o

18
4.

9
(a

F)
67

.5
7

(a
F)

V
in

fl
In

fle
ct

io
n

po
in

ti
n

C
11

-V
gs

ch
ar

ac
te

ri
st

ic
−1

.1
20

(V
)

−1
.9

58
(V

)
D

el
tg

s
C

11
th

to
C

11
o

tr
an

si
tio

n
vo

lta
ge

11
.8

31
(V

)
12

.0
71

(V
)

D
el

td
s

Li
ne

ar
re

gi
on

to
sa

tu
ra

tio
n

re
gi

on
tr

an
si

tio
n

pa
ra

m
et

er
1.

10
3

(V
)

0.
16

0
(V

)
La

m
bd

a
C

11
-V

ds
ch

ar
ac

te
ri

st
ic

s
sl

op
e

pa
ra

m
et

er
0.

34
8

(1
/V

)
0.

69
6

(1
/V

)
C

12
sa

t
In

pu
tt

ra
ns

ca
pa

ci
ta

nc
e

fo
r

V
gs

=
V

in
fl

an
d

V
ds

>
D

el
td

s
20

.4
6

(fF
)

5.
93

4
(fF

)
C

gd
sa

t
G

at
e-

dr
ai

n
ca

pa
ci

ta
nc

e
fo

r
V

ds
>

D
el

td
s

15
.4

0
(fF

)
21

.7
7(

fF
)

C
ds

o
D

ra
in

-s
ou

rc
e

in
te

r-
el

ec
tr

od
e

ca
pa

ci
ta

nc
e

15
.2

0
(fF

)
20

.4
8

(a
F)

R
db

D
is

pe
rs

io
n

so
ur

ce
ou

tp
ut

im
pe

da
nc

e
1,

00
0

(G
oh

m
s)

1.
30

0
(G

oh
m

s)
C

ds
D

is
pe

rs
io

n
so

ur
ce

ca
pa

ci
ta

nc
e

16
0.

0
(fF

)
18

3.
0

(fF
)

G
db

m
A

dd
iti

on
al

d—
b

br
an

ch
co

nd
uc

ta
nc

e
at

V
ds

=
V

ds
m

51
.3

1
(u

S)
50

.8
7

(u
S)

G
m

m
ax

ac
Pe

ak
tr

an
sc

on
du

ct
an

ce
pa

ra
m

et
er

(A
C

)
42

.5
7

(m
S)

63
.8

1
(m

S)
V

to
ac

Z
er

o-
bi

as
th

re
sh

ol
d

pa
ra

m
et

er
(A

C
)

−1
.7

03
(V

)
−2

.3
76

(V
)

G
am

m
aa

c
V

ds
-d

ep
en

de
nt

th
re

sh
ol

d
pa

ra
m

et
er

(A
C

)
35

.1
4

(m
S)

43
.6

3
(m

S)
K

ap
pa

ac
O

ut
pu

tc
on

du
ct

an
ce

pa
ra

m
et

er
(A

C
)

65
.1

3u
(1

/V
)

67
.2

5u
(1

/V
)

Pe
ffa

c
C

ha
nn

el
-t

o-
ba

ck
si

de
se

lf-
he

at
in

g
pa

ra
m

et
er

(A
C

)
15

.7
5

(W
)

29
.5

6
(W

)
V

co
V

ol
ta

ge
w

he
re

tr
an

sc
on

du
ct

an
ce

co
m

pr
es

si
on

be
gi

ns
−6

60
.2

(m
V

)
−1

.0
71

(m
V

)
M

u
Pa

ra
m

et
er

th
at

ad
ds

V
ds

de
pe

nd
en

ce
to

tr
an

sc
on

du
ct

an
ce

co
m

pr
es

si
on

0.
00

24
(d

im
en

si
on

le
ss

)
0.

00
43

(d
im

en
si

on
le

ss
)

V
ba

Tr
an

sc
on

du
ct

an
ce

co
m

pr
es

si
on

“t
ai

l-
of

f”
pa

ra
m

et
er

1.
00

1
(V

)
1.

33
1

(V
)

V
bc

Tr
an

sc
on

du
ct

an
ce

ro
ll-

of
ft

o
ta

il-
of

ft
ra

ns
iti

on
vo

lta
ge

70
1.

4
(m

V
)

84
9.

8
(m

V
)

D
el

tg
m

Sl
op

e
of

tr
an

sc
on

du
ct

an
ce

co
m

pr
es

si
on

ch
ar

ac
te

ri
st

ic
26

7.
2

(m
S/

V
)

51
.1

1
(m

S/
V

)
A

lp
ha

Tr
an

sc
on

du
ct

an
ce

sa
tu

ra
tio

n-
to

-c
om

pr
es

si
on

tr
an

si
tio

n
pa

ra
m

et
er

2.
09

4
(V

)
1.

03
3

(V
)



P1: Prasannajit

April 22, 2008 13:54 AU8227 AU8227˙C001

14 � Millimeter Wave Technology in Wireless PAN, LAN, and MAN

D’

Rd
Igd

Ids

Rid D

Y
Qgy

Qgc

Igs Rs

Ris

Rdb

Cbs

CdsoIdbB
G

G′

C

S

Rg

+ –

+ –

Figure 1.12 The equivalent circuit of an HEMT large-signal model (EEHEMT1
model).

using extracted parameter, (4) a comparison of measured characteristics

and simulated characteristics, (5) an optimization of nonlinear. Figure 1.14

shows the comparison of measured and simulated results of a large-signal

model (0.1 GaAs MHEMT) in frequency range from 1 to 110 GHz at the

gate voltage of –1.0 V and the drain voltage of 1.8 V.

1.3.1.3 Millimeter-Wave Passive Device Modeling

In MMIC design, passive components are used for impedance matching, DC

biasing, phase-shifting, and many other functions. These elements include

not only the distributed transmission lines such as a coplanar waveguide

Step 1

Measurement

Step 2

Step 4

Extraction

Optimization

No

Yes

Optimized model parameters

Optimization

of model

parameters

d

dt
δ

Step 3

Simulation

??

Figure 1.13 The procedure of nonlinear large-signal modeling.
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Figure 1.14 The modeling result of GaAs MHEMT (gate length: 0.1 μm; total gate
width: 140 μm, gate voltage: –1.0 V; drain voltage: 1.8 V; —: model; o: measurement;
frequency range: 1 ∼ 110 GHz).

(CPW) and a microstrip line but also the lumped capacitors and resistors. In

millimeter-wave range, the distributed transmission lines have been mainly

used because of low resonance frequency of lumped elements. In this chap-

ter, the CPW structure was employed, because it has many advantages over

the microstrip line structure in millimeter wave. It is well known that CPW-

based MMIC processes may be cheaper than microstrip-based processes

with holes and have high yield because backside processes are not needed

[16–20]. Furthermore, CPW structure increases the packing density of the

circuit and reduces the substrate dispersion characteristics for millimeter-

wave operation. Figure 1.15 shows the CPW structure on GaAs substrate.

The CPW models include curves, T junctions, and cross junctions as well as

common elements, as shown in Figure 1.16. For simulation of the designed

CPW, we used commercial software such as LineCalc of ADS from Agilent

Incorporated. Figure 1.17 explains the extraction technology of passive

device modeling. The passive libraries were finally completed after opti-

mization by comparing the measured S-parameters with the momentum-

simulated S-parameters. Metal–insulator–metal (MIM) capacitors and the

D

W

h

G

S. I. GaAs

Figure 1.15 The coplanar waveguide (CPW) structure.
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(a) (b)

(c)

Figure 1.16 The CPW discontinuity patterns for EM analysis: (a) CPW “Tee,”
(b) CPW cross, and (c) CPW curve.

Fabricated

passive element

S-parameter measurement

& parameter extraction

Comparison

Yes
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Optimize

S-parameter extraction
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Figure 1.17 The extraction technology of the passive model.
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(a) (b)

L1 L2

C2C1

C RR

Figure 1.18 The fabricated metal–insulator–metal (MIM) capacitor: (a) the micro-
graph of the MIM capacitor (capacitor size: 45 μm × 45μm), and (b) the equivalent
circuit of the MIM capacitor.

Ti thin-film resistors were fabricated and modeled. Capacitors are used in

MMICs for blocking and bypass purposes. Due to the high dielectric con-

stant (r = 5.5–7.5) and breakdown field ( > 106 V/cm), the Si3N4 is mostly

preferred as a dielectric layer for MIM capacitors [21]. An Si3N4 film was

deposited using the PECVD (plasma-enhanced chemical vapor deposition)

system for the MIM capacitor. The connection between the top capacitor

plate and adjacent metallization is an airbridge connection in order to avoid

problems caused by edges and slopes. The SEM photography of the fab-

ricated MIM capacitor is shown in Figure 1.18(a), and the applied lumped

equivalent circuit is shown in Figure 1.18(b). Resistors are used in MMICs

for several purposes including feedback, isolation, terminations, and volt-

age dividers (or self-biasing) in a bias network. Ti thin-film resistors allow

precise control of resistance due to their small sheet resistances and have

a large current capacity per unit width compared to resistors composed of

the active GaAs material [22]. The SEM photography of the fabricated thin-

film resistor is shown in Figure 1.19a, and the applied lumped equivalent

circuit is shown in Figure 1.19b.

1.3.2 Design Technology of Millimeter-Wave
Monolithic Circuits

In the field of a millimeter-wave monolithic circuit, more detailed design

technologies are needed than for a microwave monolithic circuit. These

needs can be met only by more accurate circuit simulation both for chip

yield and electrical performance due to high frequency. Although an elec-

tromagnetic (EM) field analysis was used in millimeter wave, the efficient

design method is required because of reduction of simulation time and sta-

ble design. The efficient design technology of a millimeter-wave monolithic
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(b)(a)

L

Cf Cf

Cps

R

Figure 1.19 The fabricated Ti thin-film resistor: (a) the micrograph of the Ti thin-
film resistor (length of 60 and width of 30) and (b) the equivalent circuit.

circuit is as follows: (1) perform modeling of active and passive devices,

(2) determine the circuit topology, (3) perform initial design using circuit

simulation based on CAD, (4) perform the preliminary circuit layout, (5) an-

alyze using EM simulation of critical areas, (6) modify the circuit design and

layout, (7) perform the resimulation for the modified circuit, (8) optimiza-

tion through repeating phases (5–7). Figure 1.20 shows the design flow

of a millimeter-wave monolithic circuit. Although design of a millimeter-

wave monolithic circuit is similar to a microwave circuit design in phases

1–5, EM simulation and layout optimization are required due to the par-

asitic effect for accurate design. However, EM simulation requires a very

long time and significant computing capacity, if the total MMIC pattern is

Device modeling & 

library construction 

Circuit topology 

Initial design using circuit

simulation-based CAD (ADS)

Preliminary circuit layout 

EM simulation of critical areas 

Modification of circuit design 

Modification of circuit layout 

Resimulation of modified circuit 

Circuit design completed 

Yes 

No 

Figure 1.20 The design procedure of a millimeter-wave monolithic integrated
circuit.
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S.I. GaAs (er = 13.0)

(a) Upper shielding (b) Conductor backing

(c) Finite-extent ground planes (d) Line-to-line coupling
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Figure 1.21 Parasitic effects of a CPW transmission line. (Taken from [23] IEEE
1987.)

simulated. Also, it is not easy for a designer to revise the circuit pattern

through EM simulation of the total pattern. For design technology to solve

this problem, analysis of a basic parasitic effect can be presented [23]. CPW

offers several advantages over conventional microstrips for millimeter-wave

monolithic circuit applications on GaAs substrates. But, CPW has parasitic

effects such as upper shielding, conductor backing, lateral ground plane

truncation, and line-to-line coupling. These parasitic effects change MMIC

characteristics for various pattern shapes. Figure 1.21 explains the para-

sitic effects of a CPW transmission line. In millimeter-wave circuit design,

some analysis concerning CPW lines on GaAs substrates can be used for

the aim of practical design criteria. The effect of upper shielding basi-

cally results in a reduction of the line impedance. This is clearly seen in

Figure 1.22, where the constant Zol curves are given in the plane a/b-

h1/b, while the substrate thickness was set to h/b = 1. Although the min-

imum cover height needed to avoid significant impedance lowering de-

pends on the line impedance itself, as a conservative estimate the cover

height should be at least hl = 4b. As expected, conductor-backed coplanar

lines are slightly less sensitive than upper shielding coplanar waveguides

for the same characteristic impedance. However, also for this case, the de-

sign criterion h1 > 3b is a conservative estimate. If the minimum substrate

thickness needs to be independent of line impedance, then a rough es-

timate for a 50 line suggests h/b > 3 as a reasonable value (error with

respect to h/b → ∞ less than 2 percent). Figure 1.23 shows constant-

impedance conductor-backed coplanar waveguide as a function of the

shape ratio a/b. Finite ground-plane width leads to a slight increase of

the line impedance with respect to the ideal case (c → ∞, or b/c → 0)

as shown in Figure 1.24 (h/b = 1, C/b ranging from 1 to 3.33). In case
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Figure 1.22 Constant impedance with upper shielding coplanar waveguide as a
function of the shape ratio, a/b and the cover height, hl/b, with substrate thickness
h/b = 1 and GaAs substrate permittivity εr = 13. (Taken from [23] IEEE 1987.)
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Figure 1.23 Constant-impedance conductor-backed coplanar waveguide without
upper shielding as a function of the shape ratio, a/b, and the substrate thickness,
h/b, with GaAs substrate permittivity εr = 13. (Taken from [23] IEEE 1987.)
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Figure 1.24 Constant-impedance coplanar waveguide with finite ground planes as
a function of the shape ratio, a/b, and the inverse of the ground plane width, b/C,
with substrate thickness h/b = 1 and GaAs substrate permittivity εr = 13. (Taken
from [23] IEEE 1987.)

of very narrow lateral ground planes, the impedance is largely increased.

As a conservative estimate, one should have C/b = 4 at least to ensure

that the variation is negligible. As a last point, let us consider line-to-line

coupling. A chart for evaluating this effect is shown in Figure 1.25. It can

be seen that coupling weakly depends on the shape ratio a/b, whereas, as

is obvious, it is strongly influenced by the line spacing D. From Figure 1.25,

the minimum D needed to ensure coupling less than a given value can be

obtained. As a conservative estimate of maximum coupling allowed, one

can assume, for instance, the value of 40 dB, thereby requiring line spac-

ing to be at least D/b = 7. Based on analysis of the CPW parasitic effect,

we can expect a critical area with an electrical characteristic that is very

different compared to the result of circuit-based simulation (ideal case).

Figure 1.26 shows the preliminary layout of millimeter-wave amplifier and

critical areas. Figure 1.27 is an EM simulation pattern for critical areas. The

design example is a W-band MMIC amplifier employed in a two-stage struc-

ture with 70 μm × 2 MHEMTs. The matching circuit was designed using

CPW transmission lines. The open stubs and transmission lines were used

for matching circuits of input/output and the interstage. Also, the W-band

MMIC amplifier was designed as a low Q-factor matching circuit structure

to improve the broadband characteristic. The bias line was designed using

λ/4 (at 100 GHz) short stub [24]. The initial designed W-band amplifier was



P1: Prasannajit

April 22, 2008 13:54 AU8227 AU8227˙C001

22 � Millimeter Wave Technology in Wireless PAN, LAN, and MAN

50

100

200

Coupling, dB

20

10

100

90

80

70

60

50

40

30

h
/b

5

0.2 0.4 0.6

a/b

0.8

Figure 1.25 Constant-coupling curves for parallel coplanar lines on infinitely thick
GaAs substrate (εr = 13) as a function of the shape ratio, a/b, and the normalized
distance, D/b (log scale). (Taken from [23] IEEE 1987.)

optimized by the EM simulator (ADS MomentumTM). When EM simulation

was performed, only the critical area was optimized without total pattern

simulation. Therefore, reduction of simulation time and efficient design are

possible. Figure 1.28 shows comparison data of circuit-based simulation

and EM simulation for the pattern in Figure 1.27. From analysis results, an

Critical areas

Figure 1.26 The preliminary layout of a W-band amplifier and critical areas.
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Figure 1.27 EM simulation pattern for critical areas.

apparent difference between circuit-based simulation and EM simulation of

critical areas was obtained. The EM simulation exhibited higher impedance

characteristics than circuit-based simulation (ideal case) due to parasitic

effect (finite ground, line-to-line coupling). After the critical area was op-

timized, the completed amplifier circuit is shown in Figure 1.29. From the

measured results, W-band MMIC amplifiers exhibit a broadband charac-

teristic from the S21 gains of 11 ± 2 dB in a W-band frequency range of

Freq (70.00 GHz to 110.0 GHz)Freq (70.00 GHz to 110.0 GHz)

(a) S11 characteristics (b) S22 characteristics

Figure 1.28 Comparison data of circuit-based simulation and EM simulation for
critical areas (◦: circuit-based simulation, �: EM simulation).



P1: Prasannajit

April 22, 2008 13:54 AU8227 AU8227˙C001

24 � Millimeter Wave Technology in Wireless PAN, LAN, and MAN

Figure 1.29 The fabricated MMIC W-band amplifier circuit (Millimeter-wave INno-
vation Technology Research Center (MINT) size: 1.8 × 1.0 mm2. (Taken from [24]
IEEE 2004.)

70–100 GHz with good return losses. Also, a good agreement was obtained

with the S-parameter measurements over the entire frequency range from

70 to 100 GHz compared to the simulated data. As shown in Figure 1.30, this

result demonstrates that the presented design technology is a reasonable

and efficient method in millimeter-wave ranges.

1.3.3 Millimeter-Wave Monolithic Integrated Circuit
for WLAN

1.3.3.1 60-GHz Band MMIC Amplifier and Oscillator

Amplifiers are the basic building block of a wireless LAN system and mainly

perform an amplification of weak signal. Amplifiers can be classified as low

noise, drive, power, and linear. Also, HEMT and HBT devices have been

generally adopted for MMIC amplifiers of millimeter-wave WLAN and so

on. Figure 1.31 shows the performance of the reported 60-GHz MMIC low-

noise amplifier and power amplifier for millimeter-wave WLAN [25–37]. A

low-noise amplifier shows an S21 gain of 14–22.8 dB and a noise figure of

2.2–5.8 dB in a frequency range of 58–62 GHz, respectively. In the case of

the MMIC power amplifier, an S21 gain of 7.5–13.8 dB and output power

of 23–26.8 dBm were reported. A V-band MMIC low noise amplifier chip

for millimeter-wave WLAN is shown in Figure 1.32. The MMIC low-noise

amplifier is a three-stage circuit structure and GaAs PHEMTs are used. Cir-

cuit performances show an S21 gain of a typical 20 dB and a noise figure

of 4.2 dB in the 55–65 GHz frequency range. The measured results of
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Figure 1.30 The simulated and measured results of the MMIC W-band amplifier
circuit (o: measured data; —: simulated data). (Taken from [24] IEEE 2004.)

an MMIC low-noise amplifier are shown in Figure 1.33. This MMIC circuit

can be used for the amplification block of a receiver in millimeter-wave

WLAN. Oscillators are an essential block for millimeter-wave WLAN. Oscil-

lators generate a millimeter-wave signal source using negative resistance.

An ideal oscillator produces a pure sinusoidal carrier with fixed amplitude,

frequency, and phase. Practical oscillators, however, generate carrier wave-

forms with parameters (oscillation frequency, output power) that may vary

in time due to temperature changes and component characteristics. This

phenomenon appears as phase and amplitude fluctuations at the oscillator

output and will be of main concern in a wireless LAN system. Phase noise

generation by the local oscillator at the receiver can significantly affect the

performance of a wireless system. Figure 1.34 shows performance of the

reported 60-GHz MMIC oscillator for millimeter-wave WLAN [38–41]. Os-

cillators show phase noise of −80 to −104 dBc/Hz and output power of

2.5–11.1 dBm in a frequency range of 56–62.5 GHz, respectively. Figure 1.35

is a photograph of the 60-GHz MMIC voltage-controlled oscillator (VCO),

which was designed using GaAs PHEMTs. The VCO structure adopted an

injection-locked VCO structure. CPW transmission lines and intrinsic gate

capacitance of the HEMT are used for resonance at 60 GHz. To adjust the

output frequency, a varactor diode of 280 width HEMT is used. A CPW
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Figure 1.31 Performance of reported 60-GHz MMIC low-noise amplifier and
power amplifier for millimeter-wave WLAN [25–37].

coupler is designed to inject the reference signal. The output phase of VCO

is locked by the injected signal through the coupler. The major purpose of

the buffer amplifier is to ensure proper matching of the oscillator output

and isolation to the output port of VCO. Circuit performances show output

power of typically 2.5 dBm and phase noise of 83 dBc/Hz (at 1 MHz offset)

at 60 GHz oscillation frequency.
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Figure 1.32 V-band MMIC low-noise amplifier for millimeter-wave wireless LAN
(Millimeter-wave INnovation Technology Research Center (MINT); size: 2.6 × 1.5
μm2) [25].

1.3.3.2 60-GHz Band MMIC Mixer

A mixer, or frequency converter, has the prime function of converting a

signal from one frequency to another with minimum loss of the signal and

minimum noise performance degradation. A mixer is one of the funda-

mental blocks of a wireless LAN system. A mixer faithfully preserves the

amplitude and phase properties of the RF signal at the input. Therefore,

signals can be translated into frequency without affecting their modulation

properties. An ideal mixer multiplies the input signal by the sinusoidal sig-

nal generated by a local oscillator. This results in a mixed product that

consists of higher and lower frequency components. Devices that exhibit
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Figure 1.33 The measured results of a V-band MMIC low-noise amplifier [25].
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Figure 1.34 Performance of reported 60-GHz MMIC oscillator for millimeter-wave
WLAN [38–41].

nonlinear or rectifying characteristics are good candidates for designing

mixers. Diodes and HEMT devices are commonly used in the design of

millimeter-wave mixers, because of their rectifying and nonlinear charac-

teristics. Schottky barrier diodes have broad bandwidth and are low cost.

Besides, diodes do not need DC bias to operate and have fast switching

capability. On the other hand, HEMT or HBT devices have lower noise,

better frequency response, and increased power handling ability. Also,

HEMT and HBT devices are amenable to monolithic circuit integration. The

Figure 1.35 The 60-GHz MMIC voltage control oscillator (Millimeter-wave INno-
vation Technology Research Center (MINT); size: 2.2 × 1.6 μm2).
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Figure 1.36 Performance of the reported 60-GHz MMIC mixer for millimeter-wave
WLAN [42–46].

distortion caused by the inherent nonlinearities of the diodes is reduced in

HEMT mixers. Figure 1.36 shows the performance of the reported 60-GHz

MMIC mixer for a wireless LAN [42–46]. Conversion gains exhibit −13 to

3.4 dB in the frequency range of 59–64.5 GHz. Circuit structures have been

studied in a single-ended diode mixer, balanced HEMT mixer, and balanced

resistive mixer. A 60-GHz MMIC mixer chip for a millimeter-wave wire-

less LAN is shown in Figure 1.37. A circuit structure is a double-balanced

IF

RF

LO

Figure 1.37 A 60-GHz MMIC mixer chip for millimeter-wave wireless LAN
(Millimeter-wave INnovation Technology Research Center (MINT); size: 1.5 × 1.5
mm2. (Taken from [45] IEEE 2005.)
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star mixer and GaAs PHEMT is used. The novel star mixer is composed of

gate-drain (GD)-connected PHEMT diodes where the gate-source junctions

are reverse biased to pinch off. Due to the reverse bias, the mixing oc-

curs mainly by the DS conductance rather than by the gate-source junction

diode. Consequently, the conversion loss does not suffer degradation due

to the hetero-junction diode. Besides, the DS conductance is not as highly

nonlinear as the diode point of the structure; the star mixer has a simpler

topology, whereas the resistive ring mixer requires three separate baluns.

More wideband operation is possible with the removal of the IF (interme-

diate frequency) balun [45]. Circuit performances show conversion loss of

a typical 13 dB and isolation of a 35 dB at all ports. This circuit can be used

for up/down frequency converters in the millimeter-wave WLAN. Further-

more, a subharmonic mixer has been researched in millimeter-wave ranges

because a stable local oscillator (LO) signal is indispensable to the mixers.

However, it is practically difficult to fabricate a stable oscillator operating at

60 GHz or above. Thus, continuous research and development efforts on

the subharmonic mixers have been made because they can utilize lower LO

frequencies than the conventional mixers [47]. This approach allows the use

of a local oscillator of a relatively low frequency because an LO frequency

is located at some integer fraction (1/n) of the fundamental LO frequency.

For this reason, the subharmonic mixers with antiparallel diode structure

were evaluated at millimeter-wave frequencies [48]. Figure 1.38 shows the

designed circuit schematic of the 60-GHz MMIC subharmonic mixer. In this

Vg3

Vg2 Cascode harmonic generator

IF & Vd2

RF

LO

Vg1

Vd1

C5

R1

L1

C6

C3

C2

C1

C4

HEMT A

HEMT B

l/4

(@ fo)

l/4

(@ fo)

l/4

(@ 2fo)

Figure 1.38 Circuit schematic of the 60-GHz MMIC subharmonic mixer. (Taken
from [43] IEEE 2003.)
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MINT

Figure 1.39 Micrograph of the fabricated MMIC subharmonic mixer (Millimeter-
wave INnovation Technology Research Center (MINT); size: 1.9 × 1.8 mm2; 2003
IEEE International Microwave Symposium; the cascode pair is shown in the dashed
lines). (Taken from [43] IEEE 2003.)

work, a cascode harmonic generator is proposed to improve the conversion

gain of the quadruple subharmonic mixer. The circuit of the subharmonic

mixer was designed using the architecture of a gate mixer. An IF stage

device (HEMT B) mixes the generated fourth harmonic signal and the RF

signal. An RF stage device (HEMT A) not only amplifies the RF signal but

also improves the LO–RF isolation due to the isolation characteristics of re-

verse direction. Matching circuits for the RF and the LO ports were designed

using the CPW transmission lines. Figure 1.39 is a micrograph of the fab-

ricated subharmonic mixer [43]. The measured results of the subharmonic

mixer demonstrated that the conversion gain is 3.4 dB, which is a good

conversion gain at the LO power of 13 dBm, as shown in Figure 1.40. Also,

the conversion gain versus the LO input power was measured. The conver-

sion gain is saturated at an LO input power level higher than 13 dBm, as

shown in Figure 1.40. As shown in Figure 1.41, the fabricated subharmonic

mixers show a good LO-to-IF isolation of −53.6 dB and LO-to-RF isolation

of −46.2 dB at 14.5 GHz, respectively. The measurement results exhibited a

high degree of isolation characteristics. The MMIC subharmonic mixer cir-

cuit provides high performance through the proposed cascode harmonic

generator, and the cost of a wireless LAN system can be reduced because

of utilization of a lower LO frequency than a conventional mixer. In addi-

tion, Figure 1.42 shows the circuit schematic and planar view micrograph

of the fabricated 94-GHz MMIC resistive mixer chip using metamorphic
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Figure 1.40 Conversion gain vs. RF input and LO input (RF frequency: 60.4 GHz;
LO frequency: 14.5 GHz; IF frequency: 2.4 GHz). (Taken from [43] IEEE 2003.)

HEMTs [49]. Resistive mixers are widely used due to good conversion loss,

low distortion, and no drain bias. Also, a frequency of 94 GHz has been

actively researched as millimeter image sensor and FMCW (frequency mod-

ulated continuous wave) radar applications. However, the development of
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Figure 1.41 The measured results of isolation characteristics. (Taken from [43] IEEE
2003.)
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Figure 1.42 The circuit schematic and planar view micrograph of the fabricated
94-GHz MMIC resistive mixer (MINT), size: 1.2 × 1.1 μm2. (Taken from [49] IEEE
2003.)

high-performance resistive mixers is difficult because of the limitations of

the active device. Recently, GaAs-based metamorphic HEMTs (MHEMTs)

adopted the low-cost GaAs substrates using the metamorphic buffers and

higher indium mole fraction for the InGaAs channels than that of PHEMTs.

Therefore, the MHEMTs materialize the same structure of InGaAs/InAlAs

hetero-junction with the InP-based HEMTs and exhibit comparable RF per-

formance for millimeter-wave applications [50]. The 94-GHz resistive mixer

in this work was designed using MHEMTs for high performance. LO and

RF matching circuits of the resistive mixer were implemented using copla-

nar waveguide transmission lines. A gate bias circuit was designed using a

quarter-wavelength (4 at 94 GHz) short stub and a Ti thin-film resistor. A

structure of a quarter-wavelength open stub was added at the IF stage for

suppressing the LO signal at the IF port. The designed MMIC mixer was

fabricated using the metamorphic HEMT-based MMIC process. Conversion

loss of the mixer was measured with an applied RF signal of 94.075 GHz and

an LO signal at 94.240 GHz. Conversion loss versus RF frequencies were

obtained at an RF power of −20 dBm and LO power of 7 dBm. Figure 1.43

shows the simulated and measured conversion loss as a function of LO in-

put power and RF frequencies. As shown in the plot, the resistive mixer ex-

hibited a very low conversion loss of 8.2 dB at an LO power of 7 dBm. Com-

pared to previously reported W-band (75–110 GHz) MMIC resistive mixers

based on PHEMTs [51] or InP-based HEMTs [52], the MHEMT-based MMIC

resistive mixer presented in this work has shown superior conversion loss.
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Figure 1.43 Conversion loss versus LO input power (at an LO frequency of 94.240
GHz, an RF frequency of 94.075 GHz, and an RF input power of −20 dBm) and RF
frequencies (at an RF input power of −20 dBm and an LO input power of 7 dBm)
measured for the MMIC resistive mixer. (Taken from [49] IEEE 2005.)

1.3.4 Fabrication Process of Millimeter-Wave Monolithic
Integrated Circuits

There were few differences between the fabrication process for PHEMT-

based MMICs and MHEMT-based MMICs, such as etching solution and

metal thickness for ohmic contacts. However, a basic factor of fabrication is

the same. In this chapter, we shall limit discussion of MHEMT-based MMICs.

Fabrication processes for the MMIC were performed in the following se-

quence. First, mesa etching was done by the phosphoric acid-based etching

solution. AuGe/Ni/Au for ohmic contacts were evaporated and annealed.

After Ti metal evaporating for thin-film resistor, a 100-nm T-gate was pat-

terned through a triple-layer resist pattern using electron beam lithography

technology. Then, we performed a gate recess etching to control current of

the devices. After the gate metal formation of Ti/Au, we performed the first-

level metallization. And then, we deposited Si3N4 film for the passivation

of MHEMTs and interlayer dielectric of the MIM (metal–insulator–metal) ca-

pacitor. After the RIE (reactive ion etching) process for opening the contact

window, we finally performed the airbridge (second-level metallization) in

order to connect between isolated electrodes.


