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UWB CMOS Monocycle Pulse Generator

Fabio Zito, Domenico Pepe, Member, IEEE, and Domenico Zito, Member, IEEE

Abstract—A low-complexity fully integrated ultrawideband
(UWB) monocycle pulse generator realized in 90-nm CMOS tech-
nology by ST-Microelectronics is presented. The circuit provides a
monocycle pulse when activated by a negative edge of an external
trigger signal provided by a microcontroller by exploiting the
operating principle of nonlinear waveform shapers. This pulse
generator represents a building block of an innovative wearable
system-on-chip UWB radar on silicon for cardiopulmonary mon-
itoring. On-chip measurements show that the pulse generator
provides monocycle pulses with a duration time equal to 380 ps
and a peak-to-peak amplitude of 660 mV (including the losses
of the microprobes, cables, and electrostatic-discharge-protected
pads), which are in very good agreement with the postlayout
simulations. The power consumption is 19.8 mW from a 1.2-V
power supply.

Index Terms—Pulse generator, radio frequency complimentary
metal-oxide—semiconductor (RF-CMOS), system on chip, ultraw-
ideband (UWB) radar

1. INTRODUCTION

N February 2002, the FCC released permission for the

marketing and operations of a new class of products
incorporating ultrawideband (UWB) technology [1]. Unlike
traditional narrowband RF transceivers, UWB devices operate
by transmitting very short electromagnetic pulses (from tens
of picoseconds to a few nanoseconds). Thus, the spectrum of
a UWB signal results to be widespread over a large frequency
band (e.g., several gigahertz) with a very low power spectral
density (PSD). In detail, the FCC, through a modification of
the 47 CRF Part 15 regulations [2], decided to allocate for
UWRB systems a 7.5-GHz unlicensed band (for the first time, in
a nonexclusive way) in the range of the RF spectrum 3.1-10.6
GHz. Asia and Europe have recently adopted similar regula-
tions for UWB applications in the same frequency band [3],
[4]. The mask of the maximum spectral density of transmitted
power allowed for UWB devices has been set to a very low
level (—41.3 dBm/MHz). UWB devices can be employed
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for several applications: ground-penetrating radars, medical
imaging, wall imaging, through-wall imaging, surveillance,
and high-data-rate communications, which are of large interest
for the realization of low-cost mass-market wireless interface.

Due to the latest advances in silicon technologies, particu-
larly CMOS (e.g., the 90-nm CMOS process by ST-Microelec-
tronics includes MOSFETS with a cutoff frequency of up to 150
GHz), modern standard processes offer the potential required
for the realization of miniaturized (i.e., system-on-chip) devices
for many emerging applications, as well as UWB.

One of the most important challenges for the development of
such system-on-a-chip (SoaC) in silicon, CMOS most of all, is
represented by the on-chip generation of UWB pulses [5]-[8].

UWB pulse generators can primarily be classified in ac-
cordance with the three main signal categories: 1) pulse (e.g.,
Gaussian); 2) monocycle pulse; and 3) multicycle pulse. Mono-
cycle pulses [9] are preferred to simple pulses since they have
no dc components, which could represent a limit for the spectral
mask compliance and the radiation efficiency of the antenna,
as well as the case of the UWB frequency range 3.1-10.6
GHz. Multicycle pulses [10], [11] are obtained by amplitude
modulation, or controlled fast startup, of oscillator circuits,
which are for this reason commonly called as carrier-based
pulse generators. Multicycle pulses can also be obtained by
combining more single pulses, as reported in [12]. In short, for
monocycle pulses of duration Tp, the maximum PSD is placed
at frequency fo (i.e., 1/Tp); for multicycle pulses based on a
carrier modulated with pulse of duration time 1 (13 = N7y,
where N is the number of cycles), the maximum output power
spectrum is located at the carrier frequency (1/7p), whereas the
bandwidth of the relevant spectrum is approximately equal to
1/Tas [13]. For this reason, multicycle pulses can be conformed
to the spectrum mask in an easier way than monocycle pulses.
However, in the presence of strong interferes (e.g., echoes)
in the communication channel and in the case in which very
short pulses are required [7], [13], [14], monocycle pulse are
preferred to multicycle, as in case [15].

In particular, for the UWB monocycle pulse generator, the
main design challenges consist of reaching a very short dura-
tion time for mask compliance, the adequate amplitude to drive
directly the antenna without requiring any additional amplifica-
tion, and the full integration on silicon.

The techniques currently adopted for the generation of
monocycle pulses on silicon are mainly based on Gaussian
filters and digital circuits. Gaussian filters are implemented by
cascading small-signal complex analog filters, which provide
pseudo-Gaussian monocycle pulses by filtering small signals
(typically, triangular pulses) internally preformed by means
of analog/digital circuitry. Such monocycle pulses will then
be amplified by additional output stages. For this reason, the
most relevant solution reported in the literature provides a
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monocycle with low peak-to-peak amplitude and requires sig-
nificant power consumption [6]. Monocycle pulse generators
based on digital circuits are typically implemented by using
logic programmable circuits and additional buffers to properly
drive the load (i.e., the antenna) [16], [17]. The most relevant
solutions in the literature show large flexibility in terms of
programmability, low peak-to-peak amplitude, and moderate
power consumption. These aspects can be recognized at first
glance by summarizing the performance of the most relevant
works of the literature, which are reported hereinafter.

In [6], a duration time close to 375 ps, a peak-to-peak am-
plitude of 175 mV, and a power consumption of 45 mW from a
1.8-V supply voltage are obtained with a fully integrated solu-
tion in a 0.18-m Bi-CMOS process by exploiting the Gaussian
filter approach.

In [12], a monocycle pulse with a duration time of 500 ps and
a peak-to-peak amplitude close to 100 mV from a 1.8-V supply
voltage are obtained for a fully integrated solution in 0.18-pm
digital CMOS technology by exploiting distributed devices and
analog and digital circuits.

In [16], a duration time of 750 ps, a peak-to-peak amplitude
of 1.8 mV, and a power consumption of 27.4 mW from a 3.3-V
supply voltage are obtained with a fully integrated solution in
a 0.35-pm SiGe-CMOS process and by exploiting the digital
circuit approach.

In [17], a duration time of 280 ps, a peak-to-peak amplitude
of 123 mV, and a power consumption of 12.6 mW from a 1.8-V
supply voltage are obtained for a fully integrated solution in
a 0.18-pm CMOS process by exploiting the digital circuit ap-
proach.

All these solutions provide monocycle pulse with limited am-
plitude, which could not be enough for many applications, as
well as in [15].

A novel fully integrated pulse generator implemented with
low-complexity analog and digital circuits and by using only
transistors, resistors, and capacitors was recently presented in
[18] as the basic circuit idea. The analytical description, the de-
tailed design methodology, and the proof of the concept through
test-chip implementation and measurements were not reported
therein. This paper deals with all these open issues and provides
the final validation through experimental results on test chips.

The circuit provides a pulse with peak-to-peak amplitude
close to 1 V on a 100-(2 load resistance and a duration time of
a few hundreds of picoseconds, with an associated low-power
consumption of a few tens of milliwatts from a supply voltage
of 1.2 V. Note that the peak-to-peak amplitude is close to the
supply voltage. In particular, the proposed solution is a part of
the transmitter of an innovative SoaC CMOS UWB radar for
cardiopulmonary monitoring [15], in which such performance
are required. In spite of this design framework, the novel pulse
generator can be useful for a large number of applications, in
which monocycle pulses are required [7], [13], [14].

This paper is organized as follows: In Section II, the operating
principle and the design criteria of the fully integrated UWB pulse
generator are reported. In Section III, the design synthesis in a
standard 90-nm CMOS technology is reported and discussed. In
Section IV, the results of the experimental characterization are
reported. Finally, in Section V, the conclusions are drawn.
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Fig. 1. Block diagram of the novel pulse generator. 7' PG is the triangular pulse
generator, whereas 7 is the delay building block.
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Fig. 2. Simplified circuit of the triangular pulse generator. The triangular pulse
(V}) is provided at node B. V,.¢ is an internal voltage reference.

II. UWB PULSE GENERATOR

The idea [18] consists of driving a CMOS source-coupled dif-
ferential pair (i.e., the shaping network) by means of a triangular
monocycle pulse. The block diagram of the pulse generator is
shown in Fig. 1. The circuit provides a monocycle pulse at each
occurrence of the negative edge of a digital control signal pro-
vided by a microcontroller (i.e., the signal Command).

The triangular monocycle pulse is realized by means of the
combination of two triangular pulses, both obtained by means
of two identical triangular pulse generators, one of those is ac-
tivated after a proper delay (7).

When the shaping network is driven by a triangular mono-
cycle, it provides a differential output voltage on the load resis-
tance (i.e., the antenna) that is very close to a sinusoidal mono-
cycle (s(t)), in accordance with the principle of the nonlinear
wave shapers [19]. Note that, since the triangular pulses are typ-
ically obtained by charging the capacitance with a constant cur-
rent, such as in our case, the triangular pulse generator cannot
be exploited to directly drive the antenna, and then a circuit
with buffer capability (as well as the shaping network) is needed
anyway. In Section III, we will detail this feature by providing a
demonstration of the operating principle, which is not reported
therein [19].

A. Triangular Pulse Generator

Each triangular pulse is obtained by the circuit (i.e., triangular
pulse generator) shown in Fig. 2 [13]. The command signal of
the second triangular pulse generator is derived by the same
command digital signal by introducing a delay time (7) realized
by means of an additional buffer properly sized.
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Fig. 3. Simplified schematic of the shaping network. The load resistance 1y,
represents the antenna.

In practice, the triangular pulse generator exploits the concept
of charging and discharging a capacitor by means of a constant
current. By acting on the charge current (i.e., I, see Fig. 2) and
delay time 7, a triangular pulse with a variable duration time can
be generated. The operating principle is detailed hereinafter.

When the negative edge of the digital signal Command oc-
curs, then the transistor M, is switched off and the transistor
M3 is switched on. As long as the voltage at node A is lower
than V¢, the output of the comparator (U) is in the low state
(i.e., 0 V). Thus, the transistor M35 is on, whereas the transistor
Mg is off. The constant current flows through M3 and M5 and
then into C,aq. Thus, the voltage at node B grows up linearly,
and the voltage at node A rises. When the voltage at node A
becomes equal to Vi (i.e., the threshold voltage of the com-
parator), then the output of the comparator becomes high (i.e.,
1.2 V), Mj turns off, and Mg turns on. The capacitor C,,q be-
gins its discharge at constant current through the transistor Mg,
and the voltage at node B linearly decreases, in principle, until
it reaches its minimum value (i.e., 0 V).

B. Shaping Network

The shaping network provides a differential output voltage
(on the antenna load) that is very close to a sinusoidal mono-
cycle (s(t)) when it is driven by the triangular pulse generator
described in Section II-A.

The expressions of a sinusoidal monocycle s(t) and its
Fourier transform S(f) are reported hereinafter

s(t) = Asin(wot)rect <Ti0> (D)
_ A (sin(nTo(f + fo))  sin(xTo(f — fo))
S(f)_JZT()( mTo(f + fo) mTo(f = fo) >
2

where A is the amplitude, and 7Tj is the duration time.

As for the operating principle of the shaping network (see
Fig. 3), the idea consists of driving the differential pair by means
of a triangular monocycle pulse. Then, by this unbalance of the
differential pair, the monocycle pulse is obtained on the output
load (i.e., the antenna).

In detail, when the triangular pulses are not applied to the
inputs of the CMOS differential pair, the voltages at nodes C'

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 57, NO. 10, OCTOBER 2010

and D are at their dc level (Vo = Vp). When the large trian-
gular pulse (i.e., V1) starts to be applied to node C (the voltage
at the node D is at its dc level), transistors Msp and M,y are
switched on, whereas My and M p are switched off. During
this time, the CMOS differential pair is unbalanced, and the
drain currents of Msp and M;y flow through the load Rj,.
When the triangular pulse V;; ends (the voltage at node C' is
returned at the dc level), the second large triangular pulse (i.e.,
Via(t) = Vi1(t — 7), where 7 is the duration time of the trian-
gular pulse) starts to be applied to node D, the transistors Msp
and M, y are off, whereas M p and M5 are switched on, and
then the drain currents of M;p and M,y flow through the load
Ry, as in the previous case but in the opposite direction.

III. DESIGN CRITERIA

The mask compliance (including adequate margins) requires
proper choices for the amplitude (A), the duration time (7p),
and the pulse repetition frequency (fpr). In several practical
cases, for instance, in the case of radar systems, the minimum
fpr is related with the signal-to-noise ratio desired at the output
of the receiver [15]. Therefore, a tradeoff between A, Tj, and
fpr is required. A reasonable choice could consist of consid-
ering the maximum fpr required for the communication system
and then deriving the duration time for the best matching with
the selectivity of the communication channel (i.e., system band-
width) and the mask requirements and finally the amplitude of
the monocycle pulse. Therefore, in regard to the design of the
pulse generator circuit, the amplitude and the duration time of
the output sinusoidal-like monocycle represent the specifica-
tions. In principle, the duration time directly derives from that of
the triangular monocycle pulse. In the practical case, the charge
and discharge processes cause some voltage drift, which could
however partially be compensated at the design level. More-
over, by considering that the triangular pulse generator previ-
ously highlighted can provide a triangular pulse with a max-
imum amplitude close to Vpp /2, then the design of the pulse
generator requires some effective criteria to accurately accom-
plish the overall circuit specifications. In particular, from this,
it derives that the shaping network demands reliable design cri-
teria. To accomplish this task, first, the general design criteria
are summarized. Then, in Section IV, the criteria will then be
rearranged for the case of interest (UWB 3.1- to 10.6-GHz ap-
plications in 90-nm CMOS).

A. MOSFET Source-Coupled Differential Pair

The trans-characteristic of the source-coupled differential
pair in Fig. 4 can be obtained by a large-signal analysis at low
frequency (i.e., capacitive effects are neglected) [20], and this
is summarized hereinafter for reasons of self-consistency with
the following sections (see Sections III-B and IV-A).

This assumes that the current tail is ideal (i.e., Rgyas — 00),
each transistor operates in the saturation region when the differ-
ential pair is completely switched (Rp does not limit the drain
current), the drain-to-source resistance (Rgs) of the MOSFETSs
of the common-source differential pair is large enough to be ne-
glected, and by considering that the drain current (1) of each
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Vbb

Fig. 4. n-MOSFET source-coupled differential pair.

transistor is related to its gate—source voltage by the well-known
approximate square law for long-channel n-MOSFETs.

The analysis reported in [20] derives that both M7 and M
operate in the active region if |Viq| < v2Vov, where Voy is
the overdrive voltage

Vov = (Vgs — V1) W (W/L)

Via=0 =

where I is equal to Ipras/2, k' is equal to 1, Cox, W and
L are the width and length of the n-MOSFETs, Vg is the
gate—source voltage, and Vi is its threshold voltage. Then,
Vov is proportional to \/Ip, and the operating range of the
source-coupled pair can be arranged by choosing the bias
current and/or the aspect ratio of the MOSFETs.

The output voltage Voq = V,1 — V2 of the source-coupled
differential pair is given by —AI;Rp, where Al is the dif-
ference between the drain currents of M; and M, which are
expressed as follows:

KW
2 L

4Ip1as
Vi VD Va3 4
d /i:/( / ) id ( )

Alg=1In — li2 =
which is a nonlinear memoryless /-V transfer characteristic.
Finally, if the n-MOSFET source-coupled differential pair is
driven by a triangular monocycle pulse with a peak amplitude
over the knee of the operating range in the active region, then
the output waveform saturates in the proximity of the top of the
triangular pulse and the sinusoidal-like output monocycle pulse
is obtained.

B. Sinusoidal-Like Monocycle Pulse Generation

Here, our aim is to show how a sinusoidal-like monocycle
can be obtained at the output of the n-MOSFET source-coupled
differential pair described by the trans-characteristic above [see
(4)] when it is driven by a triangular monocycle pulse.

In particular, we consider hereinafter that our target consists
of obtaining a 1-V peak-to-peak monocycle pulse with a pulse
duration of 200 ps on a 100-(2 load resistance by starting from
a triangular monocycle pulse with a 0.8-V peak-to-peak ampli-
tude.

To obtain a 1-V peak-to-peak monocycle pulse on a 100-Q2
space resistor (i.e., a peak voltage equal to 0.5 V), a total bias
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Fig. 5. Output current obtained by (7) of an n-MOSFET differential pair, for
several values of W, when an input triangular monocycle pulse Viq4 is applied.
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Fig. 6. PSD of a train of triangular monocycle pulses and a train of sinusoidal
monocycle pulses with 1-Vpp amplitude and 200-ps duration time each for a
pulse repetition frequency (fpr) of 1 MHz.

current equal to 5 mA is required. Fig. 5 reports the Al; ob-
tained by (4) for different width W when the triangular mono-
cycle is applied to the input of the differential pair (i.e., Viq is
the triangular monocycle pulse above) by considering the pa-
rameters Coy, L, and p typical for a modern CMOS technology
(e.g., 90-nm). Fig. 5 shows that in the case of W = 20 pm,
AT, reaches the value of the total bias current when Vigq reaches
its peak value (i.e., 0.4 V). Moreover, from Fig. 5, note that the
shape of the monocycle obtained at the output of the differential
pair is very close to a sinusoidal monocycle pulse.

As for the difference in the frequency domain between the
spectra of the triangular and sinusoidal monocycle pulses, the
PSDs of a train of triangular monocycle pulses [i.e., before
a shaping network described by (4)] and a train of sinusoidal
monocycle pulses [i.e., after a shaping network described
by (4)] with the same amplitude (1 Vpp) and duration time
(200 ps) for a pulse repetition frequency (fpr) of 1 MHz are
reported in Fig. 6. Note that there is only a slight quantitative
and qualitative difference between the spectra of the sinusoidal
and triangular monocycle pulses in the range of interest in spite
of the significant difference in the time domain. In practice,
all the pulse shapes in between (see Fig. 5) the sinusoidal and
triangular monocycle pulses have very similar spectra in the
band of interest.
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IV. UWB MONOCYCLE PULSE GENERATOR IN 90-nm CMOS

The parasitic capacitances of MOSFETs introduce memory
effects and losses that limit the application at high frequency. In
fact, with the same drain current, the shorter the channel length,
the faster the switching time of the differential pair. This means
that, in principle, a shorter duration time of the pulse can be
obtained by using devices with a shorter channel. The shorter
the duration time, the higher the frequency range of the rel-
evant part of the spectrum. Here, we deal with the design of
a UWB (3.1-10.6 GHz) monocycle pulse generator in 90-nm
CMOS technology by ST-Microelectronics. The specifications
required are the following: 1) a 1-V peak-to-peak amplitude and
2) a 300-ps duration time. However, as aforementioned, the de-
sign criteria reported for long-channel MOSFETSs have to be re-
arranged in the case of short-channel MOSFETs first.

A. Short-Channel MOSFETs Source-Coupled Differential Pair

The equations for the source-coupled differential pair sum-
marized in Section III-A can be rewritten in the case of short-
channel transistors.

In detail, for short-channel n-MOSFETS, the drain current
(I4) of each transistor is related to its gate—source voltage by
the approximate linear law

kl

—W (Vg —

L=

Vr)Esar &)
where Egar is the saturation electric field of the velocity of
the carriers. In this case, the overdrive voltage is expressed as
follows:

2Ip

Voy = ——P2
OV = LW Esar

(6)
which shows that, unlike the case of the long-channel device
[see (3)], Vov is directly proportional to Ip. Then, Al is ex-
pressed as follows:

/

k
Alyj =14 — I = 5WESATVid- @)

In contrast with (4), the -V characteristic for short-channel
MOSFETs results in being linear. However, (4) lies the real be-
havior, and the saturation also occurs in this case. In fact, the
currents I4; and 1o versus Viq of the source-coupled differen-
tial pair for short-channel MOSFETs are shown in Fig. 7. For a
comparison, Al; obtained by (4), long-channel (L. = 1 pum)
and short-channel (L = 90 nm) MOSFET differential pairs
are reported in Fig. 8. Note how (4) represents an excellent ap-
proximation of the real trans-characteristic in the case of long
channel. Then, due to the saturation occurring in the real trans-
characteristic, the design criteria reported in Section III can be
extended to the short-channel case. Fig. 9 reports Al; obtained
by a short-channel differential pair for several W, whereas it is
driven by a triangular monocycle pulse with 0.4-V peak ampli-
tude and 200-ps duration time.

Finally, also in this case, the knee of the operating range
in the active region depends on the overdrive voltage of the
source-coupled differential pair, which has to be sized in ac-
cordance with the amplitude of the output voltage provided by
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Fig. 9. Output current of a short-channel n-MOSFET differential pair, for sev-
eral values of W, when an input triangular monocycle pulse Via(t) is applied.

the triangular pulse generator. Note that, due to the linear rela-
tionship [see (7)], the simple mathematical approach used for
the demonstration in Section III-B fails in this case. However,
the least-square method could be used for the demonstration
of the sinusoidal-like shaping (see Appendix I). In spite of
such a method allowing us to obtain an analytical representa-
tion of a given /-V nonlinear trans-characteristic, in this case,
we lose the explicit dependence from W, which represents the
relevant parameter for the design. Last but not least, as shown in
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Fig. 10. Triangular pulses at the inputs of the shaping network by postlayout
simulations. Note that they are delayed approximately of the triangular pulse
time width.

TABLE I
TRIANGULAR PULSE GENERATOR: MOSFET AREA SIZING

Transistor W [um]
My, Mo, M3 30
My 5
Ms, Mg 8
M, Mg 15
Mp
My 2

Section IV-C, the design aimed at the achievement of a mono-
cycle pulse as much as sinusoidal as possible is largely beyond
the scope of this paper, particularly by considering the spectral
similarity in 3.1-10.6 GHz (see Fig. 6). Therein, a design ap-
proach by means of a computer-aided design tool will be con-
sidered, resulting in a more direct and intuitive approach.

B. Design of the Triangular Pulse Generator

In the triangular pulse generator, the comparator has been re-
alized by means of a cascade of two CMOS inverters.

The reference voltage of the comparator is equal to Vpp/2,
which has been obtained by sizing the width of the p-MOSFETSs
Mp as two times larger than the n-MOSFET’s M width. The
delay (i.e., 7, see Fig. 1) has been implemented by means of
a cascade of 12 CMOS inverters (as well as those adopted in
the comparator circuit). The propagation time (i.e., 7) of the
delay generator is close to 125 ps (i.e., approximately equal to
the relevant duration time of each triangular pulse). The two
triangular pulses, provided by the two TPGs, at the inputs of
the shaping network are shown in Fig. 10.

The maximum value of the amplitude of the triangular pulse
is close to Vpp /2. In particular, the postlayout simulations show
that a triangular pulse with an amplitude of 530 mV (open load)
can be obtained from a 1.2-V supply voltage. The capacitor
Cloaq has been sized to 100 fF for reasons of reliability. The
transistor area sizing for the triangular pulse generator is sum-
marized in Table I (the channel length is 90 nm).
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C. Design of the Shaping Network

The schematic of the shaping network is shown in Fig. 3.
The input voltage of the shaping network is equal to Viq(t) =
Ve (t) — Vp(t). The trans-characteristic of the shaping network
in Fig. 3 is very close to that of the n-MOSFET source-coupled
differential pair; in particular, it results in

kl

Vour = —RpAl; = —Rp, 5WESATVid ®
where R, is the load resistance, Ay is the current into the load,
and W is the n-MOSFETs width. It is worth mentioning that the
p-MOSFET’s width is double of the n-MOSFETSs width to com-
pensate the different mobilities of the electrons and holes into
the channel and then to reach an almost perfect balance of the
trans-characteristic. In the previous sections, we saw that if the
large triangular pulse overdrives the shaping network over the
saturation knee of the transfer characteristic, then the nonlinear
distortion produces a sinusoidal-like monocycle. In particular,
the proximity to an ideal sinusoidal monocycle pulse does not
represent the first aim of our work, which is mainly related with
the opportunity of obtaining a large monocycle pulse. The ap-
proximation to the sinusoidal monocycle will be considered as
a secondary aspect of the pulse generator design, and this will
be scaled down with respect to the design reliability issue, as
shown hereinafter as far as the choice of the transistor sizing
(i.e., width).

Anyway, if we consider that the load impedance and the input
and output voltage swings are the design entries for the accom-
plishment of the overall circuit specifications, then two param-
eters have to be sized: 1) the drain current and 2) the channel
width of the CMOS transistors.

When the triangular pulse generator drives the shaping net-
work in Fig. 3, the peak value of the triangular pulse (530 mV,
obtained by postlayout simulations) is reduced to a value of 480
mYV, and the gate voltage of the CMOS transistors is unbalanced,
with respect to its dc value, for a maximum value (Vg) close to
440 mV (i.e., due to the capacitive partition). By the knowledge
of the peak amplitude of the signal on the gate of the MOSFETSs
of the shaping network (i.e., the value for which the transistor
is completely switched off while the others drain the entire bias
current), the overdrive voltage required can be derived as fol-
lows:

Vs =440 mV > |Viglmax = 2Vov

440 mV
= Vov < m

=220 mV, 9
The output pulse amplitude is equal to |Voa|max = Rrlpias,
where Ry, represents the antenna load resistance (i.e., 100 ).
By considering the requirement in terms of pulse amplitude (i.e.,
1-V peak-to-peak), then the bias current required can be derived
as follows:

[Vod|max

i ~ 5 mA.

Ipias = (10)

Thus, if a monocycle pulse of about 1-V peak-to-peak (V;)
is required on a 100-Q2 differential antenna, then the drain cur-
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Fig. 11. |Via|max versus the n-MOSFET width of the shaping network for
several ratios between the p-MOSFET width (W5 ) over the n-MOSFET width
(Wn).
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Fig. 12. Input (triangular) and output (sinusoidal-like) monocycles of the
shaping network obtained by postlayout simulations (pads inclusive).

rent has to amount to 5 mA. It is worth noting that the cur-
rent consumption, then the power consumption, depends on the
peak-to-peak amplitude required on a specific load resistance.
The lower the peak-to-peak amplitude and the higher the load re-
sistance, the lower the power consumption. |Viq|max is clearly
a function of the width of the n-MOSFETSs of the shaping net-
work. Since the proximity to the sinusoidal shape can be con-
sidered even as a secondary aspect in our design, the choice of
W can be carried out by considering the design reliability issue
preferably. Fig. 11 reports this dependency for several ratios
between the p-MOSFET’s width (Wp) over the n-MOSFET’s
width (Wy).

Note that to have |Vig|max = 440 mV, the ratio Wp /Wy
must be at least equal to 2 and the width of the n-MOS transistors
must be nearly equal to 40 pm. Then, for reasons related with
an adequate reliability margin, W has been sized to 60 ym and
Wp to 120 pm. This choice guarantees that the triangular pulse
overdrives the shaping network in spite of the spreading of the
process parameters.

The monocycle pulse obtained by postlayout simulations is
shown in Fig. 12, which is in accordance with the value pre-
dicted in (8). In spite of this choice of W not primarily consid-
ering the proximity to the ideal sinusoidal monocycle, we can
observe that the monocycle pulse obtained has a satisfactory si-
nusoidal-like shape. Their spectra are shown in Fig. 13.
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Fig. 13. PSD of trains of monocycle pulses at the input (triangular-like) and
output (sinusoidal-like) of the shaping network obtained for a fpgr of 1 MHz.
For a comparison of the shapes, both PSDs have been evaluated for a standard
50-€2 load.
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Fig. 14. Sequence of pulses obtained by the application of a square-wave signal
Command.

The sequence of the pulses obtained, each at the negative edge
of the signal Command, is shown in Fig. 14. For the sake of
clarity, the signal command is obtained by buffering the signal
(e.g., provided by a signal generator) through four minimum-
size inverters.

As an additional consideration, it is worth noting that both
the triangular pulse generator and the shaping network provide
monocycle pulses with comparable peak-to-peak amplitude.
However, even if they have very similar frequency spectra,
only the shaping network is capable of driving the antenna. In
other terms, the shaping network allows us to transit from two
triangular pulses (one is delayed) to a monocycle pulse—i.e.,
the differential output signal—and acts also as a regenerative
buffer toward the antenna load.

The energy of each monocycle pulse amounts to approxi-
mately 0.3 pJ. It is possible to demonstrate that the PSD of a train
of such pulses generated with a repetition frequency equal to 1
MHz is compliant with the FCC mask (this is not reported for
reasons of space). Moreover, as for the compliance, it is worth
mentioning that the mask is referred to the PSD of the power
radiated by the antenna. Note that the PSD is always lower than
—65.3 dBm/MHz for medical applications [2] (see FCC mask
in Fig. 6), which is the lowest value of the FCC mask over the
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Fig. 15. Output voltages versus time obtained by means of a 50-iterations
Monte-Carlo analysis.
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Fig. 17. Die micrograph of the test chip. The total area amounts to approxi-
mately 0.25 mm?.
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Fig. 16. Output voltages versus time obtained for PVT corner analyses.

frequency spectrum. In practice, the antenna introduces a band-
width restriction (i.e., filtering), which leads to a larger compli-
ance.

The supply voltage is equal to 1.2 V, and the total power con-
sumption amounts to 19.8 mW (including the biasing circuitry).

Monte-Carlo simulations were carried out to verify the ro-
bustness of the circuit to process parameter variations and mis-
matches. The results are shown in Fig. 15. Note that the results
of 50 iterations are very close to each other (the curves are in-
distinguishable practically), showing the excellent robustness of
the design of the novel pulse generator proposed herein. The
output pulses obtained for process—voltage—temperature (PVT)
corner analyses are reported in Fig. 16.

V. EXPERIMENTAL RESULTS

The test chips have been realized through the multiwafer
projects by Circuits Multi-Projets. The test-chip micrograph is
shown in Fig. 17. The experimental characterization of the test
chip has been carried out by means of on-wafer measurements
by exploiting ground-signal-ground—signal-ground (GSGSG)
microprobes with a 100-um pitch by Cascade. The electro-
static-discharge-protected pads (standalone) have shown a
characteristic parasitic capacitance of about 240 fF (measured),
which is in very good agreement with postlayout simulation
results.
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O O EOsciIIoscopeé C:1nnncz2n
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Fig. 18. Scheme of the measurement setup of the pulse generator. The signal
Command has a period equal to 1/ fpr, where fpg is the pulse repetition fre-
quency.
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Fig. 19. Monocycle pulse provided by the pulse generator. This has been
measured by means of a dual-channel real-time digital oscilloscope (channel
I—channel 2, 50-€2 input impedance each).

The digital command signal, which activates the triangular
pulse generator (then, the UWB pulse generator), consists of a
square wave with an amplitude equal to 1.2 V and a pulse rep-
etition frequency (fpgr) from 1 to 10 MHz. This has been pro-
vided by a signal generator Agilent 81110A Pattern Generator.
The output signal of the pulse generator has been captured on
two 50-2 impedance channels of the Infinium 5485A real-time
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Fig. 20. Spectrum of the measured pulse before and after an ideal UWB an-
tenna filtering (i.e., a first-order bandpass 3.1- to 10.6-GHz Butterworth filter)
for a pulse repetition frequency of 1 MHz. The drop of the PSD after 6 GHz is
due to the band limit (i.e., 6 GHz) of the oscilloscope.

digital oscilloscope (20 Gs/sec, 6-GHz bandwidth) by Agilent
Technologies. The measurement setup is shown in Fig. 18. The
pulse provided by the pulse generator is shown in Fig. 19. The
overall power consumption amounts to 19.8 mW. Note that the
pulse has a peak-to-peak amplitude of about 660 mV and a rel-
evant duration time of about 380 ps. The same performance has
been measured on several test chips, confirming definitively the
predictions of the Monte-Carlo analyses.

The reduction of the amplitude is due to the attenuation over
the frequency range of 1-10 GHz of the cables (0.2—-1 dB), the
dc blocks (0.2 dB), the microprobes (0.2-0.4 dB), and the con-
nectors (0.2 dB) used to capture the output waveform. If we con-
sider the average attenuation (i.e., 1.3 dB), it means that 660 mV
on the oscilloscope approximately corresponds to 900 mV on
chip, which is in very good agreement with the postlayout sim-
ulation results.

The PSD of the measured pulse, for a pulse repetition fre-
quency ( fpr) of 1 MHz, is shown in Fig. 20, which also reports
the PSD of the sequence of pulses after an ideal UWB antenna
filtering (i.e., a first-order bandpass of 3.1- to 10.6-GHz Butter-
worth filter) directly related with the power radiated.

The voltage efficiency, which is defined as the ratio between
the peak-to-peak amplitude of the pulse generated and the
supply voltage of the circuit, amounts to

Vp P

— KK
—_— = OO%.
Vbp

ny = (11
By considering the monocycle approximately equal to a sinu-

soidal monocycle, the energy of the pulse amounts to

To V2 To V2
t
Ep = / —"};’L( )dt ~ /—%AX cos? (wot)dt
0

L
0

V2 T
= _MAXZ0 _ 91 pJ

2R}, (12)

where Vyiax is the peak voltage (i.e., 330 mV), Ry, is the load

resistance (i.e., 100 ), and Ty is the pulse duration (380 ps).
Due to the different applications (e.g., data communication,

sensing, etc.) and standard regulations, a more extensive metric
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TABLE II
SUMMARY OF PERFORMANCE AND COMPARISON WITH THE SOA

Work | To  Vpp Vbp Ppc nv ne Rp
[ps] [mV] [V] [mW]  [%] [%] [

[6] 375 175 1.8 45 9.7 0.08 100
[12] 500 100 1.8 - - - 50
[16] 750 1.8 3.3 27.4% 0.06 1.5E-5 100
[17] 280 123 1.8 12.6 6.8 0.003 5K

Our 380 660 1.2 19.8 55 2.6 100

*reference in [21].

is represented by the energy efficiency per pulse [11], [22],
which is defined as the ratio between the energy of the pulse
generated and the energy consumed by the circuit per single
pulse. This is independent from data rate and is expressed as

Ne = g—g (13)
where
To To
Ec = [ Po(t)dt = /[PDc + Py(t)] dt (14)

0 0

where P is the overall power consumption, which includes
both static Ppc (i.e., dc) and dynamic Py contributions.

In our case, by considering the overall power consumption
P, we obtain that the energy consumed by the circuit during
time Tp is equal to 8.14 pJ so that the energy efficiency ng
amounts approximately to 2.6%.

The summary of the state of the art (SoA) for the monocycle
pulse generators fully integrated on silicon [6], [12], [16],
[17], which are based on different approaches and provide
Gaussian-like monocycle pulses, is reported in Table II. As
for the power consumption, for our work we have considered
the overall power consumption, static and dynamic, biasing
circuitry inclusive, whereas for all the others we considered the
values quoted in the paper, which is in some case referred to
dc power consumption only and/or does not include the power
consumption of the bias circuitry. Note that this novel solution
exhibits the widest pulse peak-to-peak amplitude on standard
load impedances (i.e., 660 mV), the highest voltage and energy
efficiencies, and one of the shortest duration time.

Finally, note that the design of this pulse generator can be
implemented in CMOS or bipolar technologies, and several ex-
tensions in terms of functionality (e.g., duration time and po-
larity control) can be added on the circuit by introducing pro-
grammable delays. Moreover, a power-saving strategy can be
implemented by turning off the circuitry during the time be-
tween two consecutive pulses.

VI. CONCLUSION

A fully integrated monocycle pulse generator of a UWB
3.1- to 10.6-GHz CMOS transmitter for SoaC pulse radar for
health-care monitoring has been presented. The circuit provides
a 660-mV sinusoidal-like monocycle with a duration time
of about 380 ps when it is activated by a negative edge of a
low-frequency (i.e., the pulse repetition frequency) command
signal (i.e., provided by a microcontroller). The overall power
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consumption amounts to 19.8 mW. The operating principle,
based on a large-signal approach, has been highlighted, and the
design criteria has been derived and discussed accurately. The
pulse generator has been implemented in 90-nm CMOS process
by ST-Microelectronics, and the experimental characterization
of the test chips has been carried out on several samples by
means of microprobing on wafer. The experimental results are
in very good agreement with postlayout simulations, demon-
strating definitively the relevancy of the circuit performance
and the design robustness.

Due to the large-signal approach, the comparison with the
SoA shows that the new circuit represents the most efficient so-
lution for monocycle pulse generators in the literature, which is
in many cases based on a small-signal approach instead.

APPENDIX I
APPLICATION OF THE LEAST SQUARES METHOD

For a given trans-characteristic obtained by means of simula-
tion or measurement, we can obtain a polynomial approximation
as well as the following:

Aly(Via) = aVij + bVia + c. 15)
For instance, by the knowledge of 20 points (i.e., samples)

of the trans-characteristic, the coefficients a, b, and ¢ can be
determined by solving the following linear system:

Y1 a:% ry 1
22 1 ¢
N R b (16)
Y20 T3y T2 1
X = (AT A"t AfY (17)

where Y is the vector of Al;, A the matrix of Viq, and H is for
Hamilton’s operator.
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