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ABSTRACT

This paper presents the design and simulation of a low-power full-band UWB transmitter with on-chip
quadrature voltage-controlled oscillator (QVCO) in 130 nm CMOS technology. The proposed transmitter
consists of a passive poly-phase filter (PPF), QVCO, a quadrature modulator core and an RF power
amplifier. The QVCO uses the differential delay cell architecture with four cascaded stages. The transmitter
has the following specifications: a 15.28 dB average conversion gain with a ripple of £1dB from 2 GHz to 11
GHz, the average input 1-dB compression point (IP1dB) is —10 dBm and the average output 1-dB
compression point (OP1dB) is 4.35 dBm. The QVCO achieves a wide frequency range (2-11 GHz) with a —-80
dBc/Hz phase noise. In addition, the supply voltage of the proposed transmitter is 1.2 V with power
consumption of 77.8 mW.
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1. INTRODUCTION

Ultra-Wideband (UWB) technology has been around since the 1980s, but it has been used for radar
applications [1], since it gives accurate timing information due to the signal wideband nature.
However, the need for high data rate has made short-range UWB wireless communications quite
popular. Besides, the UWB is becoming more attractive for low-cost communication applications,
because it provides low power consumption, large bandwidth and high data rates (up to 480 Mbps
within 10m distance) [2]. Multi-band orthogonal frequency division multiplexing (MB-OFDM) and
impulse radio communication are both under the UWB standards. However, the impulse radio
approach faces the potential problem of many narrow-band systems co-existing as well as several
technical challenges related to generation of short pulses [3]. Thus, overcoming these challenges
enhanced the MB-OFDM approach which is used in this work.

So far, a variety of transmitters have been reported to implement MB-OFDM UWB transmitter [3]-
[7]. However, scrutiny of these papers revealed that all UWB transmitters proposed have relatively
high power consumption, although they did not contain an on-chip QVCO. Besides, they did not
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cover the full-band of MB-OFDM (2-11GHz), except the proposed work in [7]. However, the
transmitter in [7] is designed with 14 on-chip spiral inductor.

In this paper, a UWB CMOS transmitter for multi-band OFDM applications is implemented using
130 nm CMOS technology with power consumption of 77.8 mW from a 1.2 V supply voltage. The
designed transmitter covers the full-band of MB-OFDM (2-11GHz). It consists of a passive poly-
phase filter (PPF), a quadrature voltage-controlled oscillator (QVCO), a quadrature modulator core
and an RF power amplifier. In addition, only 8 on-chip inductors are used in the proposed
transmitter.

This paper presents the design and simulation of a low-power full-band UWB transmitter. The
system overview for UWB is discussed in Section 2, the operational principles and the design of the
building blocks is addressed in Section 3. The simulation results of the proposed transmitter circuit
are reported in Section 4, followed by a conclusion in Section 5.

2. SYSTEM OVERVIEW

MB-OFDM UWB system is a system that enables transmitting data over multiple carriers at precise
frequencies at the same time. Multi-band OFDM system consolidates the multi-band (MB)
approach with the OFDM modulation technique. This approach divides the spectrum into smaller
sub-bands each with a bandwidth greater than 500 MHz (Federal Communications Commission
(FCC) requirement for a UWB system) and uses one of the sub-bands in each time-slot to transmit
the OFDM symbols. The system is denoted as a UWB-OFDM system since it is an OFDM system,
but operates over a very wide bandwidth, much larger than the conventional OFDM system
bandwidth.

In order to uphold the UWB standards based on OFDM, the MB-OFDM Alliance (MBOA) was
formed in 2003. As stated in the MBOA and WI Media standard [8], the UWB spectrum extends
over the frequency range from 3.168 GHz to 10.56 GHz and is divided into 14 bands, each band of
which has a bandwidth of 528 MHz and consists of 128 sub-channels, where the bandwidth of each
sub-channel is 4.125 MHz. The bands are gathered into five groups, the first four groups consist of
three bands, so they contain the first 12 bands, and the fifth one contains the last 2 bands, as
illustrated in Figure 1.
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Figure 1. The allocation of the bands in the UWB MB-OFDM system.
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3. PRINCIPLE OF OPERATION

Figure 2 shows the block diagram of the proposed UWB transmitter system which consists of a
passive poly-phase filter, a quadrature modulator core, a quadrature voltage-controlled oscillator
and an RF power amplifier. The quadrature modulator core is formed by two mixers and one adder
and converts the quadrature intermediate frequency (IF) signals and the quadrature local oscillator
(LO) signals into the single-side-band signal. The quadrature LO signal is obtained from a QVCO
which operates from 2 GHz to 11 GHz, and the quadrature of the input IF signal is achieved by the
passive poly-phase filter. Then, the amplification of the output signal of the quadrature modulator is
carried out using an RF power amplifier, in order to drive the load of the output. For the
measurement purpose, the single ended to differential and differential to single ended off-chip
transformation at the IF input port and RF output port are used, respectively.

The following subsections describe the operational principles and the circuits’ realization of the
quadrature modulator core, the PPF, the QVCO and the power amplifier.
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14-Band UWB
Transmitter

Figure 2. The block diagram of the full-band UWB transmitter.

3.1 Quadrature Modulator Core

Figure 3. shows the schematic diagram of the quadrature modulator core which is composed of two
paths: the I-path and the Q-path. The output of each path is added in current domain at nodes OP
and OM. Every path contains a double-balanced quadrature up-conversion mixer.

In each double-balanced quadrature up-conversion mixer, transistors M7-M10 form the Gilbert cell
core [9], where the LO signal is injected. Transistors M13 and M14 are used at the IF input, while
M11 and M12 are used as a current source to enhance the conversion gain of the mixer by realizing
bleeding technique. The capacitors C1- C4 are used as DC block capacitors, and resistors R1- R4
are used for biasing. Each mixer consumes 16.72 mA from a 1.2 VV power supply. The entire mixer
including both paths has a total power consumption of about 40.1 mW.
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Figure 3. Simplified schematic diagram of the quadrature modulator core.

3.2 Passive Poly-phase Filter (PPF)

PPF is designed to provide the quadrature modulator core with differential and quadrature inputs,
thereby allowing the use of a double-balanced mixer topology. This property proves critical in
reducing the LO-to-IF feedthrough. To achieve wider range of operation, three-stage poly-phase RC
filter is employed, as illustrated in Figure 4. The unit resistor is 5kQ in the three-stages, while the
unit capacitor is 440 fF, 240 fF and 120 fF in the first, second, and third stage, respectively. To
verify the phase precision of PPF outputs, the image rejection ratio simulation methodology is used
[10].

3.3 Quadrature Voltage Controlled Oscillator (QVCO)

Figure 5 illustrates the block diagram of the QVCO. A ring QVCO with four differential delay cells
is chosen. This structure can effectively reduce chip area and cost as compared to QVCO based on
LC ring oscillator structure.

The schematic diagram of each differential delay cell is depicted in Figure 6. In Figure 6, the
differential delay cell consists of a differential transistor pair (M3 and M4) with load transistors
(M1 and M2) and tail current transistors (M5 and M6). The operation of the QVCO is divided into
two modes, high frequency mode (3.28-11.16 GHz) and low frequency mode (1.5-6.2 GHz) based
on which tail current transistor (M5 or M6) of the differential delay cell is enabled. In each mode of
operation, the oscillation frequency of the ring QVCO is controlled by the gate voltage of M3 and
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M4. The designed QVCO based on proposed delay cell covers the frequency range from 2 GHz to
11 GHz and has a phase noise of —-80 dBc at IMHz offset frequency with a power consumption of
19.4mW.

RP 5kQ
Cp1 440 fF
Cp2 240 {F
Cr3 120 fF

| Stage 1 | I Stage 2 | | Stage 3 |

— — — Se— — — N — —

Figure 4. The circuit schematic diagram of the poly-phase filter.
Phase shift=45° Phase shift=45° Phase shift=45°  Phase shift=45°
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Figure 5. The four-phase LO generator block diagram.

3.4 RF Power Amplifier

The circuit diagram of the RF power amplification stage is shown in Figure 7. In each amplifier,
M15 and M16 are used as an amplifier with source degenerative inductors L4 and L5. Also the
current-reuse technique is applied to (M15, M16) so a larger gain is achieved without an increase in
power consumption. C5 is used for DC blocking. M17 is a common-gate amplifier following the
input stage. Its main purpose is biasing the drains of (M15, M16), so that both stay in the saturation
region. Inductance peaking techniques are also used here to improve the operating frequency [11].
M18 is designed as a buffer to drive a 50 ohm output load for the measurement purpose, and C6
represents the output pad parasitic capacitance. A single power amplifier and its output buffer drain
7.625 mA from a 1.2 \V power supply.
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Figure 6. The simplified schematic diagram of unit differential delay cell.
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4. SIMULATION RESULTS

The proposed UWB transmitter with on-chip QVCO was designed, simulated and verified using
Cadence Spectre Circuit Simulator in TSMC 130nm 1P8M CMOS technology. It consumes a total
power of 77.8 mW. The transmitter covers the 14 bands of UWB MB-OFDM system, so that it can
be used for UWB full-band application.

The design and optimization of UWB transmitter require precise RF modeling for both active and
passive devices over a wide range of operation. Thus, in our simulation, we have used the RF
models extracted from the physical layout.
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Figure 8. The RF model of the capacitor.

The capacitor RF model is shown in Figure 8. The main capacitance in the model is Cmimc Which has
two plates: the top plate and the bottom plate. Between the main capacitor and the top plate, there
will be a parasitic inductance (L+) and resistance (Ry), as well as on the bottom plate side (Lg) and
(Re). Since the bottom plate is close to the silicon substrate, this will create an oxide capacitance
modeled as Cox. Rsustate and Csusstrate present the silicon substrate resistance and capacitance,
respectively.

The QVCO tuning curves for the typical process are shown in Figure 9. From Figure 9, it can be
seen that the QVCO covers all 14 bands in the UWB system. The QVCO works in two modes: the
high frequency mode (when En.1 is enabled) which covers the frequency range from 3.28 GHz to
11.16 GHz and the low frequency mode (when En.1 is enabled) which covers the range from 1.5
GHz to 6.2 GHz. There is an overlap between each mode, which starts at 6.2 GHz and ends at 3.28
GHz with a total overlap of 2.9 GHz. This overlap is designed to be high enough in order to
alleviate the frequency shift in the QVCO due to different corner processes (FF, SS, FS and SF).
From the simulation, the critical cases for overlap frequency and QVCO frequency coverage range
were in fast and slow process, as depicted in Figure 10 and Figure 11. From the results illustrated in
Figure 10 and Figure 11, for fast and slow process, respectively, the QVCO still covers the entire
band of the UWB system in both corners. The transient time simulation result of the proposed
QVCO at 10 GHz under typical process is shown in Figure 12.
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Table 1. The simulated power consumption in all circuit blocks of the proposed transmitter.

Transmitter Power
QVCO 19.4 mwW
Quadrature modulator core 40.1 mW
RF power amplifier 18.3 mW

Table 2. Performance and result comparison of published UWB transmitter.

This work [3] [4] [5] [6] [7]
Technology 130 nm CMOS 180 nm 90 nm 130 nm 130 nm 130 nm
CMOS CMOS CMOS CMOS CMOS
Supply voltage 1.2V 1.8V 1.1V 1.2V 15V 1.2V
Bandwidth 2GHz-11GHz 3GHz- 3.1GHz- 3GHz- 3GHz- 3GHz-
8GHz 9.5GHz 8GHz 5GHz 11GHz
Number of bands 14 9 12 9 3 14
OP_148 4.35 dBm -8.2 dBm —2.8 dBm 1.5dBm 5dBm -0.4 dBm
Containing VCO Yes No No No No No
Power 77.8 mW 139 mW 131 mW 66 mW 97.5 mW 53.1 mW
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Figure 16. The simulated OP1dB of the UWB transmitter over each band.

The simulated phase noise of the proposed QVCO is shown in Figure 13. The worst case for phase
noise of QVCO is —80 dBc at 1 MHz offset frequency with an operating frequency of 11 GHz.

The transmitter conversion gain in the frequency range from 2 GHz to 11 GHz is shown in Figure
14. As can be seen from Figure 14, the simulated average conversion gain of 15.28 dB is achieved
with a gain ripple of +1dB.

The simulated output power (PRF ) versus the input IF power (PIF ) is shown in Figure 15, where
the corresponding IP1dB and OP1dB are —10 dBm and 4.35 dBm, respectively. The average
simulated OP1dB is 4.65 dBm over the entire 14 bands as depicted in Figure 16.

The power consumption of each circuit block is shown in Table 1, while the simulated performance
parameters are summarized in Table 2. In addition, comparisons with other published works are
listed. Based upon Table 2, it is clear that the proposed transmitter with implemented QVCO covers
the full-band of MB-OFDM (2 GHz-11 GHZz) under low power dissipation. It drains 64.83 mA from
the supply voltage of 1.2 V. Besides, the OP1dB achievement of the proposed UWB transmitter is
the highest except [6], and it conforms with the specifications of UWB applications [12].

5. CONCLUSION

In this paper, a UWB full-band MB-OFDM transmitter with implemented QVCO is designed. The
transmitter covers the frequency range from 2 GHz to 11 GHz and can cover all of the frequency
bands of the UWB MB-OFDM system (14 bands) due to the use of inductance peaking technique.
The simulation results have shown that the proposed transmitter can achieve a conversion gain of
15.28 dB with a ripple of £1dB. In addition, the power dissipation of the proposed transmitter is
77.8 mW from a 1.2 V supply voltage. Future search will be conducted on the design of frequency
synthesizer to reduce the QVCO phase noise and to control the output frequency [12]. In addition,
the carrier leakage and the sideband suppression of the proposed transmitter will be explored.
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