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A 3–5 GHz TH-UWB transmitter in 0.18-µm RF CMOS technology∗
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Abstract: An RF transmitter is proposed for 3–5 GHz time-hopping ultra wideband (TH-UWB) wireless applica-
tions. The transmitter consists of a 4-GHz oscillator, a switch with a controllable attenuator and an output matching
circuit. Through controlling the low frequency signals with time-hopping pulse position modulation (TH-PPM), the
circuit supplies TH-UWB signals and can directly drive an antenna by a transmission line. The transmitter was
implemented in a 0.18-µm CMOS technology; the output amplitude is about 65 mV at a 50 Ω load from a 1.8-V
supply, the return loss (S 11) at the output port is less than –10 dB, and the chip size is 0.7 × 0.8 mm2, with a power
consumption of 12.3 mW.
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1. Introduction

Ultra-wideband (UWB) systems are particularly promis-
ing for short-range wireless communications as they poten-
tially combine a reduced complexity with a low power con-
sumption, a low probability of intercept (LPI), and the immu-
nity to multi-path fading[1−3]. Two possible approaches have
emerged to exploit the allocated spectrum. One is the multi-
band approach, with fourteen 500-MHz sub-bands of OFDM
modulation, and the other is the impulse radio[4].

According to the physical layer standard of IEEE
802.15.3a[5] regulated by the US Federal Communications
Commission (FCC), the allocated frequency band for UWB
applications is 3.1–10.6 GHz. The lower frequency band and
the higher frequency band refer to 3–5 GHz and 6–10.6
GHz, respectively. The supporting modulation schemes in-
clude direct-sequence UWB (DS-UWB) and multi-band or-
thogonal frequency division multiplexing (MB-OFDM)[6].

Recently, several pulse generating approaches were pro-
posed for UWB communications. In Ref. [7], a simple dig-
ital circuit is used to generate narrow pulses. In Ref. [8], a
triangular pulse generator and a ring oscillator are activated
simultaneously. A gating circuit activates the ring oscillator
when a pulse must be transmitted, avoiding useless power con-
sumption between the pulses. Reference [9] also uses a pro-
grammable time delay circuit and an oscillator to generate
UWB pulse signals.

In this paper, a novel TH-UWB transmitter is proposed.
The transmitter works at a center frequency of 4 GHz with
multi-pulse UWB signals, which meets the requirement of fre-
quency bandwidth and maximal radiated power of FCC. A
controllable CMOS switch and an oscillator are used to gen-
erate TH-UWB pulses. This CMOS switch does not dissipate
any static power. Moreover, the output voltage amplitude of

the transmitter is controlled easily by the TH-PPM pulses.

2. Design requirements

The maximal radiated power of the required transmitter
is lower than –41.3 dBm/MHz with respect to the standard of
IEEE 802.15.3a. The attributes required for the design were as
follows:

(1) The output amplitude is about 65 mV at a 50 Ω load
from a 1.8-V supply (in consideration of the insertion loss be-
tween the transmitter and the antenna, and the attenuation of
the antenna).

(2) The output impedance is matched to 50 Ω, and the
return loss (S11) is less than –10 dB over 3–5 GHz.

(3) The modulation signal is TH-PPM with a pulse width
of less than 4 ns.

(4) The modulated signal is a TH-UWB signal with a
multi-pulse, which is realized by an OOK (on-off keying)
modulator with a 4-GHz carrier frequency.

(5) Low power dissipation.
(6) Minimum die area.

3. Circuit description

3.1. TH-PPM and TH-UWB pulses

In a typical TH-UWB system, the transmitted signal by
user k can be expressed as[10−13]

sk
TH (t) =

+∞∑
i=−∞

Nf−1∑
j=0

bi p
(
t − ck

th, jTc − iTs

)
, (1)

where Nf is the number of frames in each symbol, Ts is the
symbol time, Ts represents the frame duration, and Tc is the
chip duration. If we consider that there are Nc chips in each
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frame, then Nf = NcTc. cth represents the hopping code, which
can take any integer value between 0 and Nc−1. p(t) is the pulse
shape function.

Because the frequency band allocated by FCC for UWB
applications is 3.1–10.6 GHz, traditional Gaussian pulses,
Gaussian monocycle pulses, and Scholtz pulses cannot match
the criteria of the FCC frequency spectrum. It is necessary to
move the traditional UWB pulse’s frequency spectrum to the
range of 3.1–10.6 GHz.

In this paper, we utilize the technology of Armstrong
beat frequency, i.e., the OOK modulation. Two different pulse
shapes have been used as TH-PPM signals: rectangle and
Gaussian pulses as shown in Eqs. (2) and (3), respectively[6].

p (t) =

 1, −T
2
< t <

T
2
,

0, otherwise,
(2)

p (t) =

Ke−(t/τ)2
, −T

2
< t <

T
2
,

0, otherwise.
(3)

We also use an oscillator to generate a cosine signal as
a carrier signal. Through an OOK modulation, we can acquire
the TH-UWB signal, which meets the FCC standard frequency
bandwidth. The modulated signal waveform is expressed as

S TH−UWB(t) =
+∞∑

i=−∞

N f−1∑
j=0

bi cos(2π fot)× p
(
t − cth, jTc − jTs

)
,

(4)
where cos(2π fot) represents the carrier signal for the OOK
modulation.

3.2. System design

The transmitter, as shown in Fig. 1, has a 4-GHz oscil-
lator, a switch with a controllable attenuator, and an output
matching circuit. Here the “Oscillator” generates a sinusoidal
signal at a frequency of 4 GHz. The signal is used as a car-
rier in the OOK modulation. The “CMOS controllable atten-
uator switch” serves as an OOK digital modulator and it can
move the signal frequency spectrum from the PPM signal to
the center frequency of 4 GHz so as to meet the standard of
IEEE 802.15.3a, the “Matching network” matches the output
impedance of the UWB signal generator to 50 Ω.

3.3. Circuit design

In terms of the idea of the system scheme in Fig. 1, the
schematic of the designed TH-UWB transmitter is shown in
Fig. 2. An active LC negative resistance circuit (M3, M4, C1,
and L1) is used as the “Oscillator” in Fig. 1 with an oscillating
frequency around 4 GHz. M6 is used for the output buffering.
The proposed circuit is biased by a current source (M1, M2,
M5, and R1). A MOSFET transmission gate (M7, M8, and M11)
acts as the “CMOS controllable attenuator switch” in Fig. 1.
M9 and M10 build up an inverter, which offers the control-
ling signal to the CMOS switch. The attenuated value is con-
trolled by the level of the PPM input signal. As the control-
ling signal at the gate is a voltage signal, so it is in possession

Fig. 1. Principle diagram of the TH-UWB transmitter.

Fig. 2. Circuit of the TH-UWB transmitter.

of a good switch characteristic. In order to design the insertion
loss and the maximum attenuation, some parasitic parameters
should be considered as follows:

(1) This attenuator is a T-type network. In a T-attenuator
like this, a minimum attenuation occurs when the series device
is completely on and the shunt devices are off. In that case,
the loss at low frequencies comes only from the nonzero on-
resistance of the series device. As this resistor gets smaller, the
signal loss due to the insertion of the attenuator gets smaller.
At higher frequencies, there is additional loss caused by the
parasitic capacitors to ground, and minimizing these capaci-
tors reduces the loss.

(2) The parasitic capacitors in the T-attenuator are func-
tions of the biasing of the transistors and, therefore, are differ-
ent in values from the minimum attenuation case[14].

The “Load matching network” in Fig. 1 is designed in an
L-type matching network (C3 and L2). C2 and C4 are used for
coupling.

Defining the transconductance of M3 and M4 as gm3 and
gm4, respectively, and with gm3 = gm4 = gm, the whole nega-
tive impedance should be –2/g[15]

m . A steadily going oscillator
requires that the loss of the LC resonance circuit should coun-
teract the negative impedance, so the oscillating condition is

Req > 2/gm, (5)

where Req is the equivalent parallel resistance of the LC reso-
nance circuit.

3.4. Impedance matching

In order to match the output impedance to the load, the
Smith chart is used for impedance analysis on a certain fre-
quency band, and an L-type network composed of C3 and L2

is adopted. Assuming that the serial admittance is GS//jBS, the
parallel admittance is GP + jBP,the real parts are the same, and
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Fig. 3. Simulation waveforms.

Fig. 4. Die photograph.

the imaginary parts are reverse, there are formulas as
follows[16]:

1 + Q2 =
GS

GP
, (6)

Q =
GS

BS
, (7)

Q =
BP

GP
. (8)

Utilizing a Smith chart to simulate the unmatched port, we can
get GP = 1/RP at 4 GHz. Then, Q, BS, BP can be calculated. Be-
cause BS and BP are related to L2 and C3 in Fig. 2, respectively,
L2 and C3 can be calculated.

4. Simulation and measurement

Under the environment of the SMIC 0.18-µm CMOS pro-
cess, the impedance matching was made by using Cadence
tools and S11 was obtained when the output impedance is
matched, as shown in Fig. 7. The sweeping range of the fre-
quency is from 3 GHz to 5 GHz. The simulation result in Fig. 7
shows that the value of S11 is less than –10 dB in the whole
bandwidth. After the determination of the circuit parameter
and impedance matching, a schematic simulation for the cir-
cuit in Fig. 2 was carried out in SMIC’s 0.18-µm CMOS pro-
cess, and the results are shown in Fig. 3 (with a pulse width of
4 ns and a period of 20 ns for the PPM signals controlling the
UWB signal generator). It shows that the amplitude is about
65 mV, and the carrier frequency is 4 GHz.

Fig. 5 Measured waveforms.

Fig. 6. Measured phase noise.

Fig. 7. Simulated and measured S11.

The transmitter is implemented in SMIC’s 0.18-µm RF
CMOS. The die area is 0.7 × 0.8 mm2 (Fig. 4), with a power
consumption of 12.3 mW. Figure 5 shows the measured TH-
PPM input signal and TH-UWB output signal. A Gaussian
pulse-shape is used as a TH-PPM pulse and the TH-UWB out-
put signal amplitude is about 65 mV. Both signals are mea-
sured by an Agilent infiniium DCA 86100A wide-bandwidth
oscilloscope. Because the oscilloscope needs a carrier syn-
chronizing signal, but there is not such a signal in this chip,
only the envelope of the “UWB output” can be seen. The fre-
quency from the oscillator measured by an Agilent E4440 fre-
quency spectrum analyzer is 3.8769 GHz and the measured
phase noise is shown in Fig. 6. The phase noise of the oscilla-
tor, which is measured by an Agilent E4440 frequency spec-
trum analyzer, is –105 dBc/Hz at an 1-MHz offset from the
carrier. Compared with the simulation result, there is a differ-
ence of 123.1 MHz. This is because the proposed oscillator
is not a VCO, and the process deviation is not taken into ac-
count. When we use an envelop detector to demodulate this
signal, such a frequency deviation is insignificant.

Figure 7 shows the simulated and measured S11 at the
output port. The simulated and measured results show that
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Table 1. Performance summary and comparison with published works.

Specification This work Ref. [7] Ref. [8] Ref. [9]
Technology 0.18-µm CMOS 0.18-µm CMOS 0.18-µm CMOS 0.18-µm CMOS
Status Measured Measured Measured Simulation
Output (mV) 65 200 200 170
Supply voltage (V) 1.8 1.8 Unknown 1.8
Carrier frequency (GHz) 3.8769 No carrier 4.488 No carrier
Output matching（S11） < −10 dB Unknown Unknown Unknown
Power consumption (mW) 12.3 0.522 2 12.5

both values are less than –10 dB. From the results in Fig. 7,
the simulated S11 is flatten over the given frequency range,
i.e., with –14 to –16 dB. Compared with the simulated curve,
the measured S11 has more difference, i.e., with –10 to –17 dB.
This can also be ascribed to the affect of the parasitic parame-
ters of the chip.

5. Conclusion

Through the circuit design, impedance matching, the pre-
simulation and the measurement, the results meet the design
requirement. The performance results for the proposed trans-
mitter and a comparison with previously published design are
summarized in Table 1.

Compared with the references in Table 1, this work has
some differences: first, this work offers the output matching in
order to link an antenna by a 50 Ω transmission line; second,
this work utilizes a T-type CMOS attenuator network to real-
ize the OOK modulation so as to reduce the consumption of
power; meanwhile, the output UWB signal spectrum is fully
limited to the regular range of FCC.
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