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Abstract—This paper describes the design and experimental re- range from 1.0 to 6.0 GHz [20]-[25]. As recent studies have

EU“Z tha t1-8-V Sins}l'el-Chip CMOS _M'\glc ffont-ﬁnd fglf 2-t4-Ct5r:'|Z § demonstrated, CMOS ICs are also becoming a contender in
and short-range wireless communications, such as Bluetooth and ;: ;

Wir_eless LANs.gThe _I_C consists of fundamenta_I_RF building cir- lthls ftrhquenié ran2g66 dl;;toéhe Stea:,dfhscgl.l_nRgl;dfc\:Nn of thet gdate
cuits—a power amplifier (PA), a low-noise amplifier (LNA), and a ength [ ]’_[_ 1 [ ]'_ [ ]'_ ome of the ; : . S reporte
transmit/receive-antenna switch (SW), including aimostall on-chip to date utilize circuit designs and fabrication processes to
matching elements. The IC was fabricated using a 0.1gm stan- overcome the drawbacks resulting from Si substrate loss—for
dard bulk CMOS technology which has no extra processing stepsto example, silicon on insulator (SOI) or silicon on sapphire

enhance the RF performances. Two new circuit-design techniques _ ; ot _
are introduced in the IC in order to minimize the insertion loss of (SOS) [1], [2], [4], [8]-[10], [15], [16], high resistivity sub

the SW and realize a higher gain for the PA and LNA despite the _Strate [41-{6], [10], [15]’_ [18], th'Ck_ metal_llzatlon (51, [6], th'_Ck
utilization of the standard bulk CMOS technology. The first is the ~ interconnects on a thick, low dielectric constant passivated
derivation of an optimum gate width of the SW to minimize the in-  film such as polyimide [26], and so on. From the viewpoint of
sertion loss based on small-signal equivalent circuit analysis. The |ow-cost and high-level integration with baseband LSls, how-

otheris the revelation of the advantages of interdigitated capacitors ever, it is considered that the standard bulk CMOS technology
(IDCs) over conventional polysilicon to polysilicon capacitors and ’

the successful use of the IDCs in the LNA and PA. The IC achieves without extr'a processmg steps is the bes,t candidate for r.eali'zing

the following sufficient characteristics for practical wireless termi- ~ RF transceivers for use in short-range wireless communications

nals at 2.4 GHz and 1.8 V: a 5-dBm transmit power at a—1-dB  such as Bluetooth and wireless LANSs.

%agndgo_mpfetSSiﬂny a 19-dBt r?ainé4ag é?-nrﬁ_curreﬂtlflo(rjéhe PA,a  The standard bulk CMOS technology often provides an
ol Insertion I0ss, more than - Isolation, an -abm power H H ] i H

handling capabilityfdrthe SW,a7.5-dB gain,a4,.5-dB noise fi%ure, RF front-end \.Nlth SIQnmcam. degr.adatlons In RF perf.or-

and an 8-mA current for the LNA. mqnce—espeqally the large insertion Ios; of a tr'ansmlt/re—

ceive(T/R)-switch (SW) and low small-signal gain for a

power amplifier (PA) and a low-noise amplifier (LNA). The

reason for these performance degradations is that bulk CMOS

utilizes a low-resistivity substrate of 0.01 to 1&m and has

no extra processing steps as previously mentioned, thereby

. INTRODUCTION degrading the quality factorgXfactors) of on-chip matching

OTIVATED by the growing need for low-power andélements such as spiral inductors and polysilicon to polysilicon
I\/I low-cost wireless transceivers, various mainstream [¢@pacitors (PPCs). Therefore, the circuit-design techniques
technologies are competing to integrate more RF functioABPlicable even to the standard bulk CMOS processes are
onto a single chip as well as to construct discrete RF bu”diﬁ@sential for implementing fundamental RF building circuits of
blocks [1]-[19]. GaAs, Si-bipolar, and Si-BiCMOS monolithiche front-end.
microwave integrated circuits (MMICs), as is well known, This paper describes the design and experimental results of

currently dominate the practical integration in the frequendy1-8-V operation single-chip CMOS T/R-MMIC front-end for
.4-GHz-band short-range wireless communications such as

Bluetooth and wireless LANs. The IC contains a PA, a T/R-SW,
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interdigitated capacitors (IDCs) over conventional PPCs aade as follows1.25 x 1.0 mm? for the PA,0.45 x 1.0 mnm¥ for

the successful application of the IDCs to the LNA and PA. It ithe SW, and).80 x 1.0 mn? for the LNA.

demonstrated that in CMOS processes of Qui8or less, the  The 0.18xm bulk CMOS technology used for the IC includes
IDCs are feasible matching elements and suitable for realizifaur-level Aluminum (Al) interconnects and PPCs. In addition
a higher gain. to the PPCs, the IDCs comprising the interconnect lines are em-

The prototype IC, intended for the Bluetooth Class Il specployed as matching elements. The substrate resistivity is less
fications, was fabricated using a standard Q.B8bulk CMOS than 1002cm, and each Al interconnect-layer thickness is as thin
technology. The IC achieves the following sufficient characteas 0.5 or 0.6:m. The typical dc characteristics of n-MOS are a
istics for practical wireless terminals: a 5-dBm transmit powed,6-V threshold voltage, a 450-mS/mm maximum transconduc-
a 19-dB associated gain, an 18-mA operating current for the RAnce, and a 1.8-V maximum operating drain-to-source voltage.
a 1.5-dB insertion loss, more than 24-dB isolation, an 11-dBBiased with a 1-V drain-to-source voltage and a 20-mA drain
power handling capability for the SW, a 4.5-dB noise figure, eurrent, a 10Q:m gate-width n-MOSFET exhibits a 50-GHz
7.5-dB associated gain, and an 8-mA operating current for thiansition frequency and a 18.5-dB maximum stable gain at 2.0
LNA. GHz.

The organization of the paper is as follows. Section Il pro-
vides a brief description of the chip architecture and FET char-
acteristics. Section Il describes the design and experimental re-
sults for the SW, LNA, and PA while focusing on the switch
gate-width optimization and a comparison between the IDGS T/R-Switch
and PPCs RF characteristics.

Ill. CIRCUIT DESIGNS AND EXPERIMENTAL RESULTS

A T/R-switch (SW) is one of fundamental RF front-end
building circuits for realizing a wireless transceiver. Both the
insertion loss and isolation are very important characteristics

A chip micrograph of the single-chip T/R-MMIC front-endto determine the switch transfer performances. GaAs SWs are
with its functional layout is shown in Fig. 1. The IC consist§ften used in practical wireless transceivers because the inser-
of a PA, an SW, and an LNA, and was designed to meet tHen loss of GaAs SWs is much lower than that of Si-CMOS
target specifications (Table I) based on 2.4-GHz-band BluetodtRes [20], [21]. The large insertion loss of the Si SWs is mainly
Class Ill standards. In Table I, the measured electrical propertféi to the low-resistivity substrate and large on-state resistance
of the Si-CMOS T/R-MMIC front-end fabricated in this studyof the MOSFETS [3], [14], [15].
are also summarized. The primary purpose of this study is toTwo typical circuit configurations for Si-CMOS SW, the
prove the validity of the circuit-design techniques introduceggries- and shunt/series-type SWs, are shown in Fig. 2(a) and
into the IC by the simulation or experiments. Therefore, as(8). In this figure, the FETs); and My, form the series arms
detailed description appears in Section 11, each circuit consiggd M5 and Mg form the shunt arms. The FET4/3 and
of only fundamental RF circuits including the on-chip matching/s, comprising the control circuit, work in a complemen-
elements and does not include additional bias circuits for impl@ry fashion, consuming no drain current. In the case of the
menting temperature compensation. Because transmit and@@As-SWs, the substrate parasitics can be neglected in the
ceive slots in turn switch in the Bluetooth system, transmit ad4-GHz band. Therefore, enlarging the gate widthvaf and
receive paths are activated alternately. Therefore, an isolatih leads to a tradeoff between the reduction of the on-state
level of more than 20 dB in the SW provides a steady opeéiesistance and the increase in the off-state capacitance. In other
ation for the MMIC. The target output power of the PA wagvords, a tradeoff exists between the reduction of the insertion
set at 5 dBm taking into account the estimated insertion lo§ss and the degradation of isolation.
across the SW and bandpass filter (BPF). Regarding the LNA In contrast, in the case of Si-SWs fabricated on a low-resis-
the target gain and noise figure can meet easily the overall twity substrate, enlarging the gate width&f; and» reduces
ceiver sensitivity of-70 dBm required in the Bluetooth speci-the on-state resistance, thus improving the insertion loss. On the
fication. This sensitivity is much more insensitive than that rether hand, the enlargement increases the substrate parasitics of
quired in current cellular phone systems. Under the condition &f; and;, leading to the degradation of the insertion loss as
a 2-dB switch loss and a 3-dB BPF loss, an overall receivetiell as the isolation. This property implies that a proper gate
sensitivity of —74 dBm can be realized using a down-mixekvidth can provide the minimum insertion loss for the Si-SWs on
having a gain of 7 dB and a noise figure of 20 dB. This ithe low-resistivity substrate. In the Si-switch design, it is, there-
because in the Bluetooth system the gain of an IF receiver fore, essential to determine the optimum gate width which pro-
cluding aG,,, -C BPF, which is usually designed so as to havégdes the minimum insertion loss and sufficient isolation level.
high gain, dominates the overall receiver sensitivity. The supphnis subsection first describes the small-signal equivalent anal-
voltage for the IC is a 1.8-V single supply due to the maximurysis of the SW and the analytical expression to calculate the
drain-to-source voltage limitation of the 0.18a MOSFETs. optimum gate width based on the analysis. The validity of the
The input/output terminals of each circuit are made available amalysis is subsequently verified by simulated and experimental
off-chip and are matched to 3®for conducting independently results.
accurate RF measurements. The chip size including all bondingrhe circuit schematics and their on- and off-state equivalent
pads is 2.5 mm 1.0 mm, and the occupied areas of each circuifrcuits for series and shunt arms used for the SW are illustrated

Il. CHIP ARCHITECTURE ANDFET CHARACTERISTICS
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are inversely proportional to the gate width for A/; and Mo,

THout] TX andC; is proportional toW, Iy, is rewritten as follows:
- "|. _-_.:. : 2ZO 1 + Qg
Cpall Ly = ; ) 5 (2)
e squt (AW?2 + s + OW + & + E)
THi - s B " RAXout 72\ 2
i =[5 [hL-t A=(32) {ex+ap+9a2) @
2
. g L
" 2
it l T px [P B =K} (1+Q?) (4)
ANT 72
C =2 <F> Z, [(2}( +3){2(1 - Q?) + 3K}
2
Fig. 1. Chip micrograph of the single-chip T/R-MMIC front-end with its +3Q (3K + 4) (5)
functional layout. °

o _ 2 _ 2
in Fig. 3. In this figure, the resistancég and R,» and capac- D =22,k {(1 QS) {2 (1 QS) + 3K}

itancesC, andC,, represent parasitic resistances and capaci-

tances resulting from a low-resistivity substrate. The resistances +20Q2(3K + 4)} (6)
R, andR,» and inductanceg, and L. are the on-state resis-

tances and parasitic inductances. The resistafigeand Ry» E =272 [{2 (1-Q%) + 3K}2 +2K(2K +3) (1 - Q7)
and capacitance§,, Cyo, Cy1, and C,» denote the off-state

resistances and capacitances. Table Il lists an example of the + Q3K + 4) + 12Q2 K} @)
equivalent circuit parameters derived from the measured S pa-

rameters for the 20@:m gate-width series and shunt arms.
: : ; o hereK; and K, are constants, = K1/W, Ry = Ka/W
Fig. 4(a) and (b) shows th Il-signal lent circuits f&f L 2 Pa = BR1/W, L, = B2/ W,
'g. 4(a) and (b) shows the small-signal equivalent circuits K = K;/K,. In the denominator of (2), the following

the series- and the shunt/series-type SWs comprising the cir . o . .
schematics of Fig. 3. Both figures represent the equivalent Cri?_at|onsh|p Is satisfied over a practical parameter range such
s listed in Table II:

cuits in transmit mode. As shown in Table I, a low-resistivit
substrate produces &), of 165 and al/wC of about 390 , B D
2 for the 200pm gate width series arm at 2.4 GHz. These par- A-Wo+ w2 <C-W+ W' (8)

asitics cannot be neglected for the usualtb8ystem because i i . ) .
they cause a relatively large loss. Therefore, it is easily predictb OPimum gate widthv,,, is approximately derived from the

that the shunt/series-type SW basically has a larger insertfd@t erm of (8) using the relationship between the arithmetic

loss than the series-type one, as will be described later. ~ and geometric means

To calculate the transfer characteristics for the series-type SW D
and determine the optimum gate width, we can simplify the cir- Wi, & sqrt <—> ()]
cuit schematics shown in Fig. 4(a) under the conditions that
1/wCy, 1/wCyo > Z, (= 50 ), andwl, < Z,. There-  Thus, (9) reveals that there is a proper gate widith, which
sultant schematics are shown in Fig. 4(c) and (d). Based on fi@vides the minimum insertion loss for the Si-switch on the
simplified schematics, we can calculate both the insertion logsy-resistivity substrate.

between the TX and ANT ports and the isolation level betweenased on Fig. 4(d), the isolation levEl, for the series-type

the TX and RX ports. From Fig. 4(c), the insertion los, for  Sw is also expressed by the following equations:

the series-type SW is expressed by (1), shown at the bottom of

the page, wher® = 1/wC,R, andZ, = 50 Q. Jer — —4Z,wO,R2Q;s — j2Z, R2wCy(1 — Q3) 10
We should note that approximations suchudd, R, < 1 S0~ F (10)

or wC,R, >> 1[14] are not appropriate for the derivation of F=2R}(1-Q3)+5Z,R, +3Z;

this equation. The reason is that the parasititsandl/wC;,

on the low-resistivity substrate are comparable \#th a/nd the + 2w 2R, Qs (Rs +22,)

proper balance between these parasitics and on-state resistance — JR:;Qs(4R; + 5Z,) + jwCy Z, R,

yields the minimum insertion loss. Assuming thfat and R, x {Rs(1 - Q)+ Zo} . (11)

_ 2Z,R2{(1-Q?) - j2Q.}
" |2Z2R, +3Z,(Ra + Z,)Rs + (Ro + 2Z,)R2 (1 — Q?) — jR,Q.{3Z,(Rs + Z,) + 2(R, + 2Z,) R, }

I (1)
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TARGET SPECIFICATIONS AND ELECTRICAL I;rRAO?DLEERTI:ES FORSINGLE-CHIP T/R-MMIC FRONT-END
Target spec. Measured results
Operating frequency 2.4 GHz-band 2.4 GHz-band
Supply voltage 1.8 V (single) 1.8 V (single supply)
T/R-switch | Insertion loss <2dB 1.5 dB (TX and RX modes)
Return loss >10dB 11 dB (TX and RX modes)
Isolation > 20dB 24 dB (TX-RX in TX mode)
24 dB (ANT-TX in RX mode)
Power handling capability > 5dBm 11 dBm (Vent =0 V)
Current =0mA =0 mA
PA Output power(=P_y4g) 25 dBm* 5 dBm
Power gain > 18dB 19 dB
Current <20mA 18 mA
LNA Small-signal gain > 7dB 7.5 dB
NF < 6dB 4.5dB
Current <10mA 8 mA

*: Target output power is determined taking into account a 2-dB switch loss and a 3-dB BPF loss.

ANT

vy
aAAA

M3 vcnt

ANT

M, Vent

®)

Fig. 2. Circuit configurations for T/R-switches: (a) series type and (

shunt/series type.

and isolation for the series-type SW, based on (2), are plotted in
this figure. The simulated characteristics of the shunt/series-type
SW are also compared with those ofthe series-type SW. The sim-
ulation was implemented using a commercial microwave simu-
lator, Agilent-ADS. The measured transfer characteristics were
obtained from the series-type SW fabricated as stand-alone cir-
cuits. The insertion loss of the series-type SW is lower than that
of the shunt/series-type one, as previously predicted, while the
isolation of the shunt/series-type SW is much higher than that of
the series-type one. The calculated result shows good agreement
withthe simulated one, indicating that the approximation used for
the derivation of the equations is valid. The insertion loss is min-
imized atW = 200 ym, and this gate width is almost equal to
the gate width of 188:m calculated from (9). For the 200m

gate width, the simulated insertion loss and isolation level are
—1.5and-24dB, respectively. Moreover, these characteristics at
W = 200 um adequately satisfy the target specifications listed
in Table I. Based on these results, we integrated the series-type
SW with a gate width of 20@m on the single-chip IC. As can

be seen in this figure, both the simulated and measured charac-
teristics for the series-type SW are in good agreement with each
other, proving that the simple equations (1)—(11) are useful for
predicting the transfer characteristics of the series-type SW.

Fig. 6(a) and (b) shows the measured frequency response
and power handling capability, respectively, for the series-type
SW incorporated into the IC in transmit mode. The SW de-
livers a —1.5-dB insertion loss, ar-11-dB return loss, and
a —24-dB isolation at 2.4 GHz. The successful optimization
yields a 1.5-dB lower insertion loss than that of the Qr8-
MOS switch [14], and 3.7 dB lower than that of the 0.2%
MOS switch [3], though the loss is slightly higher than that of

e 0.2um SOI/SIMOX switch with a high resistivity substrate
15]. In the receive mode, the same characteristics as those in
transmit mode are obtained. As shown in Fig. 6(b), biased with

The simulated and measured transfer characteristics for thea&-8-V control voltage, the SW achieves a power handling capa-
ries-type SW are shown in Fig. 5. The calculated insertion lobgity of 11 dBm at a 0.2-dB gain compression pofft_g 24s),
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O-rWV"I a2 Rsz cb Rsa

@ (e) ®

Fig. 3. Circuit schematics and their on- and off-state equivalent circuits for series and shunt arms: (a) circuit schematic, (b) on-stateafirstate(one for
series arm, and (d) circuit schematic, (e) on-state circuit, and (f) off-state one for shunt arm.

EXAMPLE OF THE EQUIVALENT CIRCUIT PARAMETERS DERIVED FROM THE-II\-/lAEBALSILEJRIIEIDS PARAMETERS FOR THE2004:m GATE WIDTH SERIES AND SHUNT ARMS
Series arm Shunt arm
ON OFF ON OFF

R, [Q] 6.5 |[RyI[Q] 10° Raz [Q] 45 |R,3[Q 165

L, [nH] 0.07 |C, [pF] 0.1 Lo [nH]| 0.08 |Cy5[pF]| 0.20

R, [Q] 165 [Cpo[PF]1 | 2.0 Rs2 [Q] 7.0 | Cy [PF] 6.5

C, [PF] 0.17 R, [€Q] 165 Cep [PF1| 0.80

C; [pF] 0.17

ANT
Cs Cs Cs
S Rs s
©

Fig. 4. Equivalent circuits for T/R-switch in transmit mode: (a) series-type and (b) shunt/series-one, and simplified equivalent circuiesrfes-tiyps switch
to calculate transfer characteristics in transmit mode: (c) insertion loss between TX and ANT ports and (d) isolation between TX and RX ports.

and this is almost equal to the value of 11.5 dBm predicted Inansfer characteristics sufficiently cover the target specifica-
the formula mentioned in [29] and [30]. Thus, all the measureibns in Table I.
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Transmit mode: Vyq=1.8V, V=0V

XMeasured 1| +Measured Iy,

0 0 20 @
. Cal. I of series ] <
A _ Sim. I of series“ 1-10 10 :‘:’
m | R AT _ o S
=N AR = S 1] h=2 ]
I~ 2F 4-20 5, - 0 s
8" Cal. I, of series _?» &,“ s
o -3f 3¢ o 10 £
c - -g c [ -
S b | A 1 &8 8 | i
TaF | & J-40 0 £ 20%
Q 0N [ F »n
o\ - .= - 2] »
I ~ Sim. I, of shunt/series £-15F ] L
5 _ . \ im. I, of shunt/series | -, 130 =
s Sim. I, of shunt/series 1 ] 2
_6'...|...|...|...|...'_60 _20. ..|...|...|...|...'_40£
0 200 400 600 800 1000 0 2 4 6 8 10

Gate-width, W [um] Frequency [GHZ]

i ) - . (a)
Fig. 5. Simulated and measured transfer characteristics for a series-type

T/R-switch. In the figure, the characteristics calculated using (2) are plotted.
Simulated characteristics of the shunt/series-type switch are also compared

Transmit mode: Vyy4=1.8V, V=0V, f,=2.4GHz

with those of the series-type switch. o _

B. Interdigitated Capacitors — oL P.o.2dB
Si-MMICs often use spiral inductors and PPCs as typical g’

lumped matching elements. It seems very difficult to improve 2 -3 |

theQ-factors of spiral inductors in the standard bulk CMOS pro-  § r

cesses which have no extra processing steps and use a low-resis :,E, 4k

tivity substrate. For example, a 5-turn, L@-line-wide, 2um @ [

-line space inductor with the dimensionsasio m x 200 pm = s

exhibits the low-quality factor of 3—4 in the 2-GHz band. This -5 _

low @Q-factor results from the low-resistivity substrate. On the r '

other hand, the scaling-down of the design rule, for example, 6 b Loaaa e bt

16 -10 -5 0 5 10 15

from 0.35,m to 0.18um, allows the substitution of IDCs for input power, P;, [dBm]

PPCs as capacitive lumped elements, thereby leading to an im-
provement in the small-signal gain for the LNA and the PA. In ()

this subsection, we describe the advantages of IDCs over con-

ventional PPCs and experimentally demonstrate that IDCs f& 6. Measured frequency response for a T/R-switch incorporated into the
feasible matching elements in CMOS processes of privor in transmit mode. (a) Frequency response. (b) Power handling capability.
less.

The layout schematics and their equivalent circuits for an ID@eem that the large area of the IDC is not significant, because in
and a PPC are shown in Fig. 7(a) and (b). In each figure, a cr@sSi RF circuit design the performance is often more important
section is illustrated below its top view. The IDC consists dhan the occupied chip area.
three layer interconnects (AL1 to AL3) and thru-hole arrays. To compare the RF characteristics of an IDC with those of a
The interconnect linewidth and space are laid out using the miAPC, we laid out and tested several different kinds of IDCs and
imum design rule of the 0.18m CMOS processes. The PPCPPCs. In the layout, the aspect ratiddloAndW shown in Fig. 7
comprises asilicided polysilicon layer (upper conductor), a nowas kept constant for the IDCs and PPCs so as to compare the
silicided polysilicon one (lower conductor), and interconne@quivalent series resistance as precisely as possible. The equiv-
lines with thru-holes. The dielectric film between the polysilalent circuits shown in Fig. 7(a) and (b) were used for modeling
icon layers is as thin as a few hundred angstréms. The high tiee IDC and PPC. An example of the extracted circuit parame-
sistivity of the polysilicon layers causes a significantly large logsrs for the IDC and PPC, which correspond to about 2-pF ca-
in the matching circuit with the PPCs, though this loss may lpacitors, is listed in Table Ill. The extraction was carried out as
considerably reduced in the case where both polysilicon layéodows. The bonding pad parasitics were first deembedded from
of the PPC are silicided or one polysilicon layer is silicided fathe measured S-parameters of the IDC and PPC test patterns by
a metal to silicided-polysilicon capacitor, such as MIM capacissing an open bonding pad pattern, and then the equivalent cir-
tors, as made available in some CMOS processes. With regenit parameters were fit to the deembedded measured data using
to the occupied area, on the other hand, the PPC occupies aAgiHent-ADS. Therefore, the measured results presented in this
atively smaller area than the IDC for the same capacitance. Wlgbsection, including Table Ill, do not include basically the ef-
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Fig. 7. Layout schematics and their equivalent circuits for: (a) an IDC and (b) a PPC. In each figure, a cross section is shown together with its top view.

TABLE IlI 10 20
EXAMPLE OF THE EXTRACTED CIRCUIT PARAMETERS FOR THEIDC AND PPC [ i
E " PPC —
Area [pm?] 3600 Area [pm?] 1085 o | o
C; [pF] 2.1 C, [PFI 2.2 'g 6L E
R, [Q] 1.5 R, [Q] 15.5 o I 2.0
Lg; [nH] 0.12 g, K¢ ] ¢
c =
R [Q] 800 Rgp [Q] 1318 s I ] 8
© 2
Cq; [PF] 0.052 Cep [PFI 0.03 s ,[ 15 @
a “L . o
o A
fect of the bonding pad parasitics. Fig. 8 compares the equivi @ L—a— 2 1]

M P | 1
lent series capacitance and resistance of the IDCs with those 0 2000 4000 6000 8000
the PPCs. As can be seen in Table Ill and Fig. 8, the series res Occupied area [pm?]
tance of the IDCs is about one-tenth as low as that of the PPCs
under the same Capacitance condition, while the Occupied afisly 8. Comparison of the equivalent series capacitance and resistance
. . between the IDCs and PPCs.

of the IDCs are approximately three times larger than that ot
the PPC. This low series resistance is very effective in building
low-loss on-chip matching circuits. The dispersion of the IDC'dip in the 2—4-GHz band merely results from the fact that the
equivalent capacitance due to process fluctuations is less thaexpected resonance of the open bonding pad pattern used
10%, indicating that the IDCs are sufficiently applicable to afor the PPC could not be completely deembedded from the
RF matching element. measured S-parameters. Therefore, this resonance is not related

The measured transfer characteristics, maximum availaldethe intrinsic characteristics of the PPC. As depicted in Fig. 9,
gain (MAG) andS,1, for the IDC and PPC are depicted inthe IDC produces a lower loss than that of the PPC by more
Fig. 9(a) and (b), respectively. In Fig. 9(a) and (b), a smélhan 0.5 dB over a frequency range from 2 to 6 GHz. Thus, it
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Fig.9. Measured transfer characteristics for the IDC and PPC. (a) MAG versus ) ) )
frequency and (bf.; versus frequency. Fig. 11. Simulated frequency response comparison between the LNA with the
IDC (solid circles) and the PPC (open circles).

is expected that the low loss characteristics of the IDC reducgss a0 investigated. As a result, we found that the IDCs capac-
the matching loss in practical circuits, thereby improving thg,nce dispersion of less than 10% causes only gain dispersion
overall small-signal gain. of less thant0.1 dB at 2.4 GHz, thus proving that the IDCs
are sufficiently applicable to an RF matching element, as previ-
ously expected. One of the major reasons why the LNAs gain

The LNA employs cascode topology to realize the high gaharacteristics are less affected by the IDCs capacitance disper-
in the high-frequency band of 2.4 GHz, as shown in Fig. 18ion may be due to the fact that l@j+spiral inductors dominate
The gate widths of the FETSY; and M, are both 20Q:m. the LNAs frequency response.
All the matching elements are formed on-chip, and all of the Based on the simulated result, we designed and fabricated
capacitors,C; to Cy, are formed using the IDCs. The spirabnly an MMIC front-end incorporating the LNA with the IDCs
inductors,L; andL,, utilize a patterned ground shield structur@nto the MMIC chip. Fig. 12(a) and (b) shows the measure-
[31]. The resistance?, is added to the output line for morement results of the LNA in the IC. As shown in this figure, the
stable operation. LNA exhibits good input and output return losses-ef0 dB

A simulation was performed to investigate the gain characterrd—16 dB at 2.4 GHz. A 4.5-dB noise figure and a 7.5-dB as-
istics of the LNA with the IDCs and those with the PPCs. Theociated gain are achieved at 2.4 GHz when biased with 1.8 V
simulated result shown in Fig. 11 indicates that the gain of tlaed 8 mA. The noise figure and gain are sufficient for the target
LNA with the IDCs is about 2 dB higher than that with the PPCspecifications shown in Table | and allow practical operation in
which reveals the effectiveness of the IDCs in the matching cshort-range wireless applications. In the case where this LNA
cuits. The influence of the IDCs dispersion to the overall gais employed for other applications such as cellular systems, an

C. Low-Noise Amplifier
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Fig. 13. Circuit schematic for PA.

off-chip input matching circuit may be required for achievingised for the spiral inductorg,; to L [31], and IDCs are used
better noise figure with lower current consumption, because tfog all of the on-chip capacitors including the interstage capac-
minimum noise figure of the FETS\; and M5, is as low as itors, Ci2 and Cs3. The input matching circuit and a few el-
1.5 dB and the relatively large loss occurs in the spiral inductements comprising the output matching circuit are fabricated

of the on-chip input matching circuit. off the chip to reduce the chip size and matching loss. This
topology produces flexibility between the output power and effi-
D. Power Amplifier ciency matching conditions as well as chip-size reduction. The

FET gate widths of the final stag@/s; and M3, as large as

During a gain compression operation, the maximum drain-t600 xm, are adopted for delivering an output power of more
source voltage of a PA often reaches about twice the dc drain-tisan 5 dBm at a 1-dB gain compression pdift ;45). TheRC
source voltage, even in the case of class A operation. The méeedback circuits( R, Cy1) and(R;3, C3), attached on the
imum operating drain-to-source voltage of the 0;&8-FETs is first and final stages can offer easy input matching and enhance
also as low as 1.8V, the same as the supply voltage. To suppitbssoverall circuit stability.
the maximum drain-to-source voltage within 1.8 VV on a 1.8-V In order to verify the gain enhancement of the IDCs, the fre-
single voltage supply and realize a higher gain in the high-frqguency response of a PA using IDCs was compared to that of
guency band of 2.4 GHz, cascode topology is employed fone using PPCs by simulation. The simulated result is shown
each stage, as shown in Fig. 13. The PA utilizes a three-stagd-ig. 14, indicating that the gain of the PA with the IDCs
configuration and includes almost all matching and decouplingy about 3.5 dB higher than that with the PPCs, as expected
elements on the chip. The patterned ground shield structurénighe previous subsection. We also investigated the deviations
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of the overall gain and”_,4g caused by the IDCs dispersion. 10 40
The simulation results showed that a gain deviation is less the ]
+0.2 dB and aP_,4g deviation is less thar-0.05 dBm under — 435

the condition of less than 10% IDCs capacitance dispersiom 5
and a 2.4-GHz operating frequency. These deviations are suf&
ciently small, because lo@-spiral inductors mainly dominate 3
the PAs characteristics.

Based on the simulated result, only the PA with the IDCs wa
incorporated into the single-chip IC. Fig. 15(a) shows the meed _g
sured frequency response of the PA in the IC, where the bi¢w
condition was a 1.8-V voltage supply and a 15-mA drain qui- &
escent current (class AB operation). The PA offers good iang -10
and output return losses ef14 dB at 2.4 GHz. The measured
power characteristics for the PA is also shown in Fig. 15(b) a 3
2.4 GHz and 1.8 V. The PA delivers a 5-dBR1 g, with an =18 =it pimtmtt bttt itmtntn ot 0
associated gain of 19 dB and a current consumption of 18 m/ input power, P, [dBm]

A power-added efficiency (PAE) of about 10% is obtained at ¢ > n

P_145, While at a 5-dB gain compression point the PA is ca- ®)

pable of delivering an output power of more than 9 dBm angy 15. Measured characteristics for the PA in the IC: (a) frequency response
a PAE of more than 16%. The transmit power, power gain, ardd (b) output power characteristics.

current consumption are sufficient for such short-range wireless

applications, as listed in Table I. for 2.4-GHz-band short-range wireless communications such

Finally, the main electrical properties of the Si-CMOSs Bluetooth and wireless LANs. To improve the RF perfor-
T/R-MMIC front-end are summarized in Table |, as previouslgnances, we have incorporated the new circuit-design techniques
shown in Section Il. Both the analytical optimization of thento the IC—analytical optimization of the T/R-switch and
SW and successful use of the IDC in the PA and LNA enabseiccessful application of the IDCs to the PA and LNA. The
the IC to deliver sufficient performances for 2.4-GHz-bantesultant insertion loss of the T/R-switch is the lowest of the
wireless applications, despite the fact that it was fabricateditches ever reported which were fabricated using standard
using standard bulk CMOS technology. To our knowledgéulk Si-CMOS processes. In addition, it is experimentally
this MMIC including a T/R-switch and a PA is the first to bedemonstrated that IDCs are suitable for realizing low-loss
reported in a 2.4-GHz-band Si-MMIC front-end fabricatedn-chip matching elements. Thus, it is verified that these
using 0.18xm standard bulk CMOS technologies which use &chniques enable the IC to deliver sufficient performances for
low-resistivity substrate and need no extra processing steps.practical short-range wireless applications, despite the fact that
it was fabricated using standard bulk CMOS technology.

We expect that the circuit-design techniques presented here
will help with Si-RF front-end circuit design and will contribute

We have demonstrated the design and experimental restdtshe realization of low-cost, small-size wireless terminals for
for a 1.8-V operation, single-chip CMOS MMIC front-endpersonal communications.
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