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Abstract—This paper presents a ultra low-power, low-complexity circuit to generate the
monocycle pulse for Impulse Radio UWB (IR-UWB) applications. A 7th order derivative
Gaussian pulse is generated using the edge combination technique plus an extra derivative
circuitry. The proposed pulse generator is designed using TSMC 0.18 um CMOS process.
Simulation shows 500 mV of pulse amplitude and 800 ps of the pulse duration. Generated pulse
spectrum fully complies with the FCC spectrum mask for out-door applications, especially in the
range of 3.1-5.1 GHz. The pulse generator dissipates no static current with only dynamic energy
consumption of around 4.7 pJ per pulse from 1.5V supply.

Keywords—Gaussian pulse generator, 7" derivative, Impulse radio, Ultra wideband, Low power,
Low complexity.
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Ultra-wideband (UWB) is regulated for commercial use of the band from 3.1-10.6 GHz by
Federal Communication Commission (FCC) with the constraints of spectral mask which
determined the maximum average equivalent radiated isotropic power spectral density of —
41.25dBm/MHz and a minimum bandwidth of 500 MHz [1]. According to FCC, the transmitted
power should be under the mask shown in Fig. 1. There are two approaches for UWB
applications, which are Multi-band OFDM UWB and Impulse-Radio UWB (IR-UWB). IR-UWB
uses short-duration impulses modulated in time, polarity or amplitude. In MB-OFDM UWB,
the UWB spectrum is divided into several subband with 528 MHz bandwidth and the carriers
are modulated by applying the orthogonal frequency division multiplexing (OFDM). The latter
is considered best suited for high data rate communication applications, whereas, IR-UWB
for low-cost, low-power, low data rate wireless communication applications such as RF Tag
[2], wireless sensor network [3], and wireless body area network (WBAN) [4].

Recently, low-cost, short-range wireless communication applications like radio frequency
identification (RF-ID) and wireless sensor network have drawn much attention from the
researcher as well as industries [3]. IR-UWB, without carrier signal, is one of the prominent
candidates for those applications since circuit implementation is simpler, no up/down
conversion or mixer is needed leading to substantial reduction in chip area and power
consumption.
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Fig. 1: FCC spectrum mask

IR-UWB uses the nano-second monocycle pulses to transmit the data signal over much
wider frequency band than any conventional carrier based wireless systems. Thus, pulse
generator circuit is an indispensable part in the IR-UWB transceivers. The generation of
monocycle pulses, which can satisfy the FCC spectral mask with low power and low
complexity, is still a challenge at present.
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The first generation of UWB pulse utilizes the band below 5GHz because of the high
interference by WLAN in the 5-6GHz ranges and technology limitation. Hence, the pulse
generation is targeted for the band from 3.1-5.1 GHz in this paper.

In this paper, the survey of various UWB pulse generation schemes is presented. Then, we
proposed a simple but effective circuit to generate the 7" derivative Gaussian pulse for IR-
UWB. The pulse generator is designed based on TSMC 0.18 um CMOS technology from 1.5
V supply. Output pulse spectrum fully satisfies the FCC mask with no static current
consumption.

Previously reported pulse types for IR-UWB system can be categorized into two groups;
pulses for single band and multiband system.

For the single band (carrier-less) IR-UWB system, the pulse spectrum is designed to occupy
the whole allowed 3.1-10.6 GHz frequency band, therefore, the pulse requires a very short
duration (less than a nanosecond) with just one or a few cycles of Gaussian function-like
waveform. Many types of pulses can be the candidates [5], however to satisfy the wide
bandwidth, the Gaussian pulse and its derivatives are preferred since it contains very small
sidelobes and provides a sharp roll-off compared to other pulse types. The theoretical
analysis shows that, the higher the derivative order of the Gaussian pulses the better the roll-
off, so the pulse can satisfy the FCC spectral mask without requiring additional pulse-shaping
filters. Analysis in [6] shows that one needs to take at least the 7-th derivative to the
Gaussian pulse in order to fit the pulse power spectral density (PSD) inside the FCC mask
shown in Fig. 1 for the outdoor applications.

Some of the early pulse generators proposed direct synthesis, using the step recovery
diodes and transmission line [7] or utilizing the BJT characteristic [8]. These types of pulse
generators are not easy for integration and not suitable for low-cost and low-complexity
implementations. Recently, pulse generators based on analog technique [9] — [12] were
presented. In those works, the generated pulses are often the first or second derivatives of
Gaussian pulses, which can not satisfy the FCC mask and thus require additional pulse-
shaping filter. A digital technique for pulse generation by using pulse pattern generation was
reported in [13] with complex circuitry. Moreover, these types of pulse generators consume
much higher power, provides no multiband switching, and complex.

In multiband (carrier-based) IR-UWB systems, the pulse has a longer duration than that of
the single band system and the pulse consists of multiple cycles of sinusoidal waves, thus
the bandwidth is smaller for ease of implementation. The multi-cycle pulses are generated by
modulating the amplitude of an oscillator for a specific shape of envelope such as rectangular
[14], [15] or triangular [4]. The center frequency of the oscillator defines the center frequency
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of the pulse spectrum which should be tunable for the sub-band switching. Depending on the
shape of the pulse envelope, the pulse spectrum shows different characteristics. According to
[16], the triangular-enveloped pulse can provide highest sidelobe suppression of 26 dB, while
only 13 dB can be obtained with rectangular envelope. The amount of sidelobe suppression
factor is important for the multiband system in order to avoid the adjacent channel
interferences. For the best performance, the shape of the pulse should be symmetric in time
domain, so that its spectrum is concentrated symmetrically around the center frequency with
largest amount of equal sidelobe suppression.

In [4], a pulse is created by multiplying a triangular envelope with a local oscillator (LO)
output. This approach provides a sidelobe suppression of around 20 dB. However, the
complexity, a number of functional blocks including a Phase-Lock Loop (PLL), makes it less
attractive due to the large chip size and high DC current consumption. Another way to
generate the multiband pulse is to gate an oscillator as proposed in [14]. The problem with
this technique is that the envelope of the output pulse is a square shape. Therefore, an
additional filtering is required for the sidelobe rejection. It is also power consuming due to the
LO operation at the center frequency of pulse spectrum.

The selection of monocycle pulse types is the primary consideration when designing pulse
generator, because the impulse type will determine the spectral characteristics, system
modulation and performance. Gaussian derivative pulse is the most commonly used and
preferred in IR-UWB systems since it has wide bandwidth, no DC component and no side
lobes in its spectrum. As mentioned above, however, the low order Gaussian’s derivative
pulse is hard to meet the FCC mask. Theory analysis in [6] shows that, when the derivative
orders get higher, the better roll-off the pulse has, also the center frequency is shifted to
higher frequencies and low power spectrum distributed in low frequencies. Because of this
reason, to satisfy FCC mask, the order of derivative should be increased.

For indoor application, 5" order derivative of Gaussian pulse can meet the FCC spectral
mask. Fig. 1 shows that the FCC spectral mask for outdoor applications is 10dB more
stringent than the indoor one. Therefore, the pulses for outdoor application requires a higher
order of derivatives. However, when the order of derivative increases, hardware becomes
more complicated. From [6], 7" derivative Gaussian pulse is the most effective and suitable
pulse for IR-UWB outdoor applications. Its spectrum complies with FCC mask for outdoor
applications without filtering or frequency shifting.
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In order to generate the 7™ derivative Gaussian pulse, at first Gaussian pulse is created then
differentiated seven times. However, the process will be very complicated resulting complex
circuit and not suitable for low power applications. A simpler implementation approach is
shown in Fig. 2.

By observing the waveform of 5" derivative of Gaussian pulse, which has a symmetric
structure with four parts including two negative and two positive peaks with different
magnitudes, a 5" derivative of Gaussian pulse generator is proposed in [17]. However, this
pulse is suitable only for short-range indoor application. The 5" derivative Gaussian pulse
generator includes a digital triangle pulse generator and a shaping stage. Because of the
simplicity and power efficient scheme of the circuit in [17], these features will be taken
advantage in this design.

In order to get the 7™ order of derivative, two more orders of derivation are needed. The
block diagram of the proposed pulse generator is shown in Fig.2. It consists of two cascaded
stages, realizing the 5" derivative Gaussian pulse and 2" order derivative function,
respectively.

7" derivative
Gaussian pulse

JLI Triangle Pulse | 0 ond V
— pulse == shaping Pd derivative fupp- O
Square generator stage RLC
pulse chain

5™ order derivative pulse
generator

Fig. 2: Block diagram of the proposed pulse generator
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The second order derivation is realized by the RLC circuit, shown in Fig. 3.
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Fig. 3: 2" order derivation circuitry

The trans-impedance of the RLC circuit in s ( jo ) domain is given by:

V. (s) RLs

1
T(s)=—"——=(R . +—)/lLs=
Cs

i, (s) 0

R +—+Ls

Cs
Since the frequency range is from 3-5GHz, the inductor L, is in the range of a nH and the
capacitor C4 is in the range of a pF, the following approximation is taken.

R +Ls<<— with R_ =50 Ohms 2)

Cs
From (1) and (2) the relation of V,and i, in s domain is obtained as:

\'/.T(S)) 0 RLsxCs =V, (s) () RLCs’ xi_(s) (3)
|O S

The relation (3) in s domain is translated into the time domain, the output V, is the second
derivative of the input current i,. Thus, a simple RLC circuit can implement the 2" order
derivation.

Combining the two circuit blocks, 5th order derivative Gaussian pulse generator and 2nd
order derivative RLC circuit, by cascading, the proposed 7th order derivative Gaussian
pulsed is implemented.
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Fig. 4: The proposed 7™ derivative Gaussian pulse generator

Fig. 4 shows the detail circuit design of 7" order derivative Gaussian pulse generator. The 5
derivative Gaussian pulse is generated first. The input is driven by a square pulse train. After
passing through digital components like inverter, NAND and NOR, triangle pulses are created
at node A, B, C and D with the same amplitude, successive delays and 180 degree different
in phase alternatively. Pulse shaping stage includes two pairs of PMOS and NMOS
transistors with the inputs are the triangle pulses at node A, B, C and D. Pulse output
currents are controlled and combined successively by these transistors, as a result, 5th
derivative Gaussian pulse is generated. After the output current running through the 2™ order
derivative RLC circuit, 7" derivative output pulse is obtained.

The inverter is adopted as a delay cell, and its delay time depends on the transistor size and
the number of inverters in the signal path. The PMOS and NMOS transistor sizes in pulse
shaping stages are chosen based on the needed amplification to shape the 5" derivative
Gaussian waveform.

2" order derivative RLC circuit consists of passive components, thus there is no current
dissipation. Moreover, since the frequency is in the range of GHz, the component size is
small. During the simulation, the optimized value of inductor is 1.5nH and value of capacitor
is 0.4pF. The inductor can be used as a bonding wire to save the chip space. Capacitor C, is
a DC blocking capacitor to blocks the static DC current from running from supply voltage
through L4 to the ground. It does not affect the pulse spectrum at the frequency of interest. C,
also helps remove the low frequency spectrum near DC, its value can be as small as 0.5pF.
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The proposed pulse generator is designed using TSMC 0.18 um CMOS technology with 1.5
V supply.

A square clock pulse train with pulse repetition rate (PRR) of 100 MHz is used to drives the
pulse generator. The pulse generator output load (R.) is 50 Ohm for antenna matching
purpose.

Transient Response
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Fig. 5: Output pulse chain at 100 MHz PRR

As the input clock trigger the circuit, a pulse train with period of 10ns is achieved and shown
in Fig.5. The pulse is generated at the beginning of each period or input pulse edge. Thus, it
is very robust to the change of repetition rate and pulse duty cycle.

To satisfy the bandwidth requirement, the pulse duration should be small enough. Pulse
duration is determined by the delay time of the inverter, about 150ps each. Fig. 6 shows the
waveform of a single 7" derivative Gaussian pulse.
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Fig. 6: A single 7™ Derivative Gaussian pulse
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The peak-to-peak swing is more than 500mV, which is high enough to deliver the pulse to
antenna without using any wide band amplificaiton. The pulse duration is 800ps resulting to
the high spectral allocation in 3.1-5.1 GHz range, shown in Fig. 7.

Our interested frequency range is from 3.1 to 5.1 GHz, thus the spectrum is optimized to
allocate in this range with high density. Fig. 7 shows the pulse power spectral density. The
spectral shape allocates under the FCC mask for outdoor applications at entire UWB
frequency ranges. From the spectral shape, it is clear that, the output impulse perfectly

complies with FCC mask with high spectral efficiency.
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Fig. 7: Pulse PSD in compliance with FCC mask
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Another impressive characteristic of the proposed pulse generator is that the circuit shows no
static (DC) current consumption. Because, only one transistor is turned ON at a specific time
which results in no path for static current flows from supply voltage to ground. As a result, the
circuit consumes only the dynamic current and it is proportional to the PRR. When PRR
increases, higher current is consumed and vice versa. At PRR of 100 MHz, the dynamic
current consumption is only 310 uA. For low data rate applications, the PRR is much lower
leading to much smaller power consumption. At PRR of 1 and 200 MHz, the current
consumptions are 3.2 and 650 pA, respectively. Thus, the dynamic energy consumption per
pulse is calculated at around 4.7 pJ. The performance of the proposed pulse generator is
summarized on Table 1.

Parameters Values
Bandwidth 3.1-5.1 GHz
Pulse amplitude swing 500 mVy,
Pulse Duration 800 ps

Dynamic current
consumption at PRR of
1, 100, and 200 MHz

3.2, 310, and 620 pA,
respectively

Energy consumption per
pulse/Supply voltage 4.7 pJ per pulse/1.5 V

Technology TSMC 0.18 um

Table 1: Proposed pulse generator performance

Table 2 shows comparison with various previously reported pulse generators. In Table 2, the
energy consumption per pulse is calculated as a figure-of-merit for the comparison. To the
best of authors’ knowledge, the proposed pulse generator shows the lowest value of energy
consumption per pulse.
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References Pulse Type Technology Status Vv P ; Cons.
pp width/BW
(pJ/pulse)
st T
[7], 2002 1 Gii?é?;lr\\/e Discrete, SRD  measured 400 mV 300 ps n.a
st . .
[19],2003 G‘;‘er"é'l“;'r‘]’e CMOS 0.18um  simulaton 1.8V 200 ps ~17 (nJ)
st . . .
[10], 2004 Giirs":‘;'r:’e %‘?g’:?ms simulation 200 mV 250 ps 30 (MW)
nd o
[18], 2006 2 Gg‘jg;ﬁ;“’e CMOS 0.18um  measured ~30mV <1 ns/1.5 GHz Zflr(r}‘)\:\ﬁ)
[20], 2006 mono-cycle CMOS 0.13um measured 350 mV 0.7 ns/2 GHz 30
[9], 2006 mono-cycle CMOS 0.18um measured 800 mV 250 MHz 700
th q A
[21], 2005  ° G‘;i';‘s’f:'r:’e CMOS 0.5um  measured 148 mV 2.4 ns ~58
[13], 2005 multi-cycle CMOS 0.18um measured 128 mV 1.75 ns 2%'; (.F?(Vy)
[4], 2005 multi-cycle CMOS 0.18um measured 200 mV 1.1-45ns 50
[22], 2006 multi-cycle %'?'gfms measured 200 mV 550 MHz 252
This work mono-cycle CMOS 0.18uym  simulation 500 mV 0.8 ns/ 2 GHz 4.7

* The total power consumption of the transmitter (Tx).

Table 2: Performance comparison of the proposed pulse generator with various published works

A ultra low-power, low-complexity circuitry to generate the monocycle pulses for IR-UWB
system has been proposed. The pulse generator is designed in TSMC 0.18-um technology.
7" derivative Gaussian pulse is generated, the pulse width is 800ps with an amplitude swing
of 500mV. The proposed pulse generator is well suited for low-power solution, with no static
current consumption. The energy consumption per pulse is only 4.7 pd, which linearly
depends on PRR. The pulse spectrum complies perfectly with FCC mask for outdoor
applications without any filtering.

The proposed pulse generator has proved the feasible implementation of IR-UWB with the
targets of low complexity, low power, for short-range, high data rate for applications like
RFID, and sensor network.
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