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Abstract: The insertion loss (IL) of a T-type attenuator is
theoretically analyzed. A T-type RF (radio frequency) CMOS
( complementary  metal-oxide-semiconductor ) attenuator is
designed as an on-off keying( OOK) modulator in a time-hopping
ultra wide-band ( TH-UWB ) communication with a carrier
frequency of 4 GHz. In the topology of the OOK modulator
circuit, there are three parts, an oscillator with an oscillating
frequency of 4 GHz, a T-type attenuator constructed by RF
CMOS transistors, and an output impedance matching network
with a L-type LC structure. The modulator is controlled by a
time-hopping pulse position modulation ( TH-PPM) signal. The
envelope of the modulated signal varies with the amplitude of the
controlling signal. Meanwhile, an output matching network is
also designed to match a 50 () load. In 0.18 pm RF CMOS
technology, a modulator is designed and simulated. The
implemented modulator chip has 65 mV of the output amplitude
at a 50 () load from a 1. 8 V supply, and the return loss (S,,)at
the output port is less than —10 dB. The chip size is 0. 7 mm x
0.8 mm, and the power consumption is 12. 3 mW.
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Itra wideband (UWB) systems are particularly promis-
Uing for short-range wireless communications as they
potentially combine reduced complexity with low power
consumption, low probability of intercept( LPI) and immuni-
ty to multi-path fading!"™. In UWB wireless communica-
tions, some pulses with variant amplitude such as Gaussian
pulses are used as modulation signals to on-off keying
(OOK) modulators. How to make the modulated signal to
have the same envelope shape of the modulation signal in a
CMOS technology is still a challenge. Some published pa-
pers have reported that FET attenuators are good candidates
for achieving gain control with superior performance in vari-
ous design criteria such as linearity and power handling re-
quirements, which are extremely important for wideband ap-
plications such as cable modem receivers'* .

In this paper, utilizing the performance of a controllable
FET attenuator’s gain, a T-type attenuator used as an on-off
keying modulator ( OOK) for TH-UWB communications is
analyzed and designed.

1 T-Type Attenuator Characteristics

In this section, the insertion loss(IL) and the relationship
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between the output voltage and the control voltage in a T-
type attenuator are discussed.

1.1 Insertion loss

Fig. 1 shows the schematic of the minimum IL condition
of a single-stage T-attenuator and the equivalent circuit
model”’. There is a minimum IL when the series devices
are completely on and the shunt device is off, because the
loss at lower frequencies results only from the nonzero on-
resistance of the series devices. Caused by the parasitic ca-
pacitors to ground, there is an additional loss at a higher fre-
quency.

Fig.1 Minimum insertion loss condition for a T-network
and the equivalent circuit model

The parasitic capacitors are mainly formed by the gate ca-
pacitances of the devices, the junction capacitances between
the drain and source implants, and the p-substrate of the
chip”'. In Ref. [7], the capacitances consist of the gate-ox-
ide and junction parasitic capacitances of the devices men-
tioned above, and they can be expressed as

CT=CT1=CT3=Cdb1 (D)
C, C,
C,=C,=C, = ;1= 2“ (2)
Con
CTZ = Csbl + Cdbz + Cdb3 + ) (3)
Let R, =R,, and the IL expression of the network can be
written as'”

L R, ! 4
'""R +R,, R, +R,, 4
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where R, can be approximated by

R - 1+6(Vg -V
. _MCOX( W/L) (Vs =V, = mVis)

(3)

where 6 models the drain and source resistances, mobility
degradation, and other short channel effects. The exponen-
tial increase of the drain current in the sub-threshold region
is modeled by the parameter 7.

1.2 Output voltage vs. controlling voltage

Fig. 2 shows the T-type attenuator circuit and its equiva-
lent resistance circuit when the high frequency parasitic pa-
rameters are ignored.
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Fig. 2 Regular circuit and equivalent resistance circuit of T-
type attenuator with limited insertion loss

From Fig. 2, utilizing KCL and KVL, we can derive the
mathematic formula of the relationship between V, and R’ as
follows:

RMZRLVin

V =—75——"— 6
° Ry, +R"+R, (6)

where R’ = R,,,//R,. According to Eq. (5), if ignoring 0
and 7, there are

1
R, = 7
Lo (WD) (Vo = V) )
Ry, = : (8)
"G (W,/L)(V, = V)
So Eq. (6) can be expressed as
S S
/‘LCQX(W7/L)Vclr2 Lo
v, = = (9)
—— +R'+R
Mcox( WZ/L) VchZ ¥ ¥ -
‘When
N S
Rr — RMIRP — lu‘Cox(Wl/L)chl ! (10)
R, +R, 1

uC(wnyv., TR

ctrl

we obtain
V = RL Vin
. 1 RPI'LCUX( WZ/L) Vclr2 C W /L V R
* 1+ RPM'COX( W]/L) Vclr] H OX( 2 ) ctr2 7 L
(11)
If the maXimum amplitUde Of Vclrl iS Vm’ let Vctr2 = Vm -
V.., and then V_can be expressed as
V —_ RL ‘/in
°T RuCy (W/L)(V, = Vo)
L +RouCo (W,/L)V,, +uCo (Wo/ L) (Vi = V) Ry
(12)

This is the relationship between V_ and the controlling
voltage. In order to simplify the computation, assuming that
the value of R, is very large, V, can be written as
V RL Vin

’ _1 + WZ(Vm B Vclrl)
W,V

ctrl

+lu’Cox( WZ/L)( Vm - vclrl)RL
(13)

Fig. 3 gives the relation curve of the output voltage vs. the
controlling voltage when V,_ is a constant. From the curve in
Fig. 3, we can see that the output voltage linearly changes
following the amplitude of the controlling voltage. If V, is a
sine wave, then the envelope of the output voltage changes
following the amplitude of the controlling voltage.
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Fig. 3 Relation curve of the output voltage vs. the control-
ling voltage

2 Modulator Design Using A T-Type Attenuator

In the case of TH-UWB communications, an OOK modu-
lation is one of the methods to realize frequency mapping.
According to the characteristics of the relation curve of the
output voltage vs. the controlling voltage in Fig. 3, we uti-
lize a T-type attenuator to design an OOK modulator for the
TH-UWB communication system. From Fig.3 and Eq.
(13), we can use the controlling voltage as a modulation
signal, the input signal of the attenuator as a carrier, and
then the output signal of the attenuator is an OOK signal.

2.1 Design method

Fig. 4 shows the design method of an OOK modulator
with a T-type attenuator. The OOK modulator consists of an
oscillator, a T-attenuator, and an output matching network.
From the schematic in Fig. 4, it can be seen that the T-type
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Fig. 4 OOK modulator circuit with T-type attenuator

CMOS attenuator is used as the OOK modulator. Its inser-
tion loss value is controlled by design parameters.

The oscillator, which consists of RF CMOS transistors
and an LC network, generates a sinusoidal signal with a fre-
quency of 4 GHz. The output matching circuit is used to
match the impedance of the CMOS attenuator to 50 () in or-
der to transmit the UWB signal to an antenna through a 50
() transmission line.

2.2 Attenuator parameter design

As shown in Fig. 4, the T-type attenuator has a small in-
sert loss when the controlling voltage is at a high voltage
level; otherwise, the T-type attenuator has a large insert
loss when there is a low voltage level. In Fig. 4, the T-type
attenuator is composed of M,, M,, My(FET), R,, R,, R,
and R, (resistance). From Eq. (13), we know that the W/L
of M,, Mg, M, and the resistance of R, and R, are critical.
These parameters have a direct effect on the amplitude of the
output signal of the modulator. In this design, the key pa-
rameters are as follows. M, and M;: W =160 um, L =180
nm; My: W=200 pm, L=180 nm. R, =R, =100 ). The
modulator is implemented by SMIC’s 0. 18-um RF CMOS.

2.3 Simulation and experiment

Fig. 5 shows the chip photograph of the OOK modulator.
The T-type attenuator is marked out by a rectangular block.
The chip size is 0. 7 mm x 0. § mm.

Fig. 5 Chip photograph

Fig. 6 shows the measured TH-PPM input signal and the
TH-UWB output signal. A Gaussian pulse-shape is used as
a TH-PPM pulse and the TH-UWB output signal amplitude
is about 65 mV. Both signals are measured by an Agilent
infiniilum DCA 86100A wide-bandwidth oscilloscope. The
frequency from the oscillator measured by an Agilent E4440
frequency spectrum analyzer is 3.876 9 GHz. Compared
with the simulation results, there is a difference of 123.1
MHz. This is because the proposed oscillator is not a VCO,
and the process deviation is ineluctable. When we use an
envelope detector to demodulate this signal, such a frequen-
cy deviation is insignificant.
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Fig. 6 Measured waveforms

The output matching circuit is used to match the imped-
ance of the CMOS attenuator to 50 () in order to transmit the
UWB signal to an antenna through a 50 () transmission line.
An important parameter to evaluate the impedance matching
is the return loss parameter, i.e.S,,. Generally, S,, should
be less than -10 dB.

Fig. 7 shows the simulated and measured S,, at the output
port. The results show that both values are less than — 10
dB. From the results in Fig. 7, the simulated S,is flattened
over the given frequency range, i.e.from —14 to —16 dB.
Compared with the simulated curve, the measured §,, has
more difference, i. e. from - 10 to — 17 dB. This differ-
ence may be due to the effects of the parasitic parameters of
the chip.
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3 Conclusion

Through the analysis on T-type attenuator networks and
the design of the OOK modulator using a T-type attenuator,
we realize the application of a T-type CMOS attenuator.
The results of the simulation and measurement show that the
modulator chip has an output amplitude of 65 mV at a 50 )
load from a 1. 8 V supply; the return loss (S,,) at the output
port is less than — 10 dB, and the power consumption is
12.3 mW.
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dynamic-rang attenuator in 0.13 wm CMOS technology

References [C1//Proceedings of VLSI Circuits Symp Dig. Kyoto, Ja-
pan, 2005: 90 —93.
[1] Win Moe Z. Spectral density of random UWB signals [J]. [5] Dogan H, Meyer R G, Niknejad A M. Intermodulation dis-
IEEE Communications Letters, 2002, 6(12): 526 —528. tortion in CMOS attenuator and switches [J]. IEEE J Solid-
[2] Win Moe Z, Scholtz Robert A. Ultra-wide bandwidth signal State Circuits, 2007, 42(3): 529 -539. .
propagation for indoor wireless communications [ C]//Pro- (6] Dogan H, Meyer R'G, Niknejad A M. A DC-10 GHz line-
ceedings of IEEE International Conference on Communica- ar-in-dB attenuator in 0.13 pm CMOS technology [C]//
tions. Montreal. Canada. 1997: 56 —60. Proceedings of IEEE Custom Integrated Circuits Conf. Or-
[3] Laney David C, Maggio Gian Mario. Multiple access for lando, Fl, USA, 2004: 699 7.612- ' )
UWB impulse radio with pseudochaotic time hopping [J]. [7] Dogan H, Meyer R G, Niknejad A M. An'alys1s and.des'lgn
IEEE Journal on Selected Areas in Communications, 2002, of RF CMOS attenuators [J]. IEEE J Solid-State Circuits,
20(9): 1692 - 1700. 2008, 43(10): 2269 —2283.

[4] Dogan H, Meyer R G, Niknejad A M. A DC-2. 5 GHz wide

& F RF CMOS T &% 288 TH-UWB & {5 8§ 25

—F;’t%f@:l’z i':!éi]bl,S %—‘%’ﬁl‘s
(" AHRFEREBFR, &7 210096)
C BALTHEKFELEBIEFE, B4 541004)
C AaXFHmE e ER LR AHT, EF% 210096)

FE. T A RRBOBEATRAC A RRERIEAT T o4, Ekal L%t 7T —/AN 8 T okab 4 5% 4 (TH-

UWB) i@ 13 49 Bk A % 4 4 GHz 4938 i 4245 (OOK) A4 5. ZiAH B a9tz o2 —A T & RF CMOS %,
AU RIBIEMOLIES AN LR35 G ME N 4 GHz 693k 5 3% L b A0 CMOS 5 48 My 89 T AL 0, 35 Am i

7EL A ZE MG 3 B PR IR B P 45, iz H] 35 i — ANRAZ A H (PPM) 12 5 42 4), 12 SR T8 L s H 1z 5

o vg B T, A EIRAF S e, FRILZ b, gk I A W KR ) R e dr sk FAR IR Be B 50 QO R k. AH B R

0.18 pm 597 CMOS T ¥ #4745 A, A A 2dniX, £1.8V &REA50Q f & T A 65 mV e Mm

JE, HrE sk MAL(S,,) DT -10dB, 44 12.3 mW, %R R~F4 0.7 mm x0. 8 mm.

KEEW: RARE; HABA; @442 (00K) ; 47 CMOS

FESZES: TN402



