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Abstract. This paper demonstrates a low-power squar-
ing circuit for 3–5 GHz non-coherent Impulse-Radio Ultra-
Wideband (IR-UWB) receivers for Pulse Position Modula-
tion (PPM) in a low-cost 180 nm CMOS technology. The
squaring, which is the key element in typical IR-UWB re-
ceivers, is performed exploiting the non-linear transfer func-
tion of a MOS transistor. For a high gain at low power con-
sumption the transistor is biased in the moderate inversion
region, where the second-order derivative of the transcon-
ductance gm and, as a result, the quadratic term in the trans-
fer function reaches a maximum. A control loop was imple-
mented to set the dc output voltage to a defined value and
thus to allow a comparison of the squarer output signal with
a defined threshold voltage, which can easily be set and ad-
justed (e.g. by a DAC). To speed up the settling time of the
output and hence to reach higher data rates, a novel slew-rate
booster is implemented at the output. Thereby, the squarer is
capable of data rates of up to 15.6 Mbit s−1, which is more
than two times higher compared to the circuit without the
slew-rate booster, while only consuming 72.4 µW in addi-
tion. In the extracted post-layout simulations the whole cir-
cuitry consumes 724 µA at a 1.8 V power supply, resulting in
a power consumption of 1.3 mW.

1 Introduction

With the evolution of Internet of Things (IoT) and the emer-
gence of Body Area Networks, the demand for low-power
transceiver systems has increased. A promising candidate

for this kind of communication is Impulse-Radio Ultra-
Wideband (IR-UWB) technology, which is capable of low-
power high-speed communication over short distances using
simple modulation schemes like On-Off-Keying (OOK) or
Pulse Position Modulation (PPM) (Thotahewa et al., 2014;
Daoud et al., 2014; Crepaldi et al., 2011).

A typical way to receive this kind of signals is by squar-
ing and integrating them. This can be done in various ways
ranging from multiplying the signal with itself using active
(Stoica et al., 2006; Xia et al., 2011) or passive mixers (Tuan-
Anh Phan et al., 2007) or by squaring the signal exploiting
the transfer characteristic of a MOS transistor (Parvizi et al.,
2012).

This paper proposes a low-power squaring circuit for 3–
5 GHz IR-UWB applications for PPM, which also exploits
the MOS transistor’s transfer characteristics for the squaring.
For the sake of higher speed and hence higher data rates, it
also consists of a slew rate booster.

The paper is organized in four sections: Sect. 2 illustrates
the concept and circuit architecture, Sect. 3 summarizes the
simulation results, and Sect. 4 concludes the paper.

2 Low-Power Squaring Circuit

The schematic of the proposed squaring circuit is shown in
Fig. 1. It is built up in a single-ended structure to reduce the
power consumption – not only for the squarer itself but also
for the preceding amplifier. The circuit consists of a squaring
part, a control loop for the dc output voltage, and a slew-rate
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Figure 1. Schematic of the complete squaring circuit.

Figure 2. gm (a), its first-order derivate g′m (b) and its second-order derivate g′′m (c) over the gate-source-voltage VGS for a NMOS with
W = 10 µm, L= 180 nm and VDS = 0.5 V.

booster. Each one of these parts is described in the following
subsections.

2.1 Squarer

To detect an incoming RF signal of the form vRF(t)= A ·

cos(ωt), the envelope is extracted by squaring the input sig-
nal resulting in

v2
RF(t)= A2

· cos2 (ωRFt)=
A2

2
+

A2

2
· cos(2ωRFt) , (1)

and filtering out the high frequency parts.

The squaring of the RF input signal is performed by the
input transistor M1 exploiting the non-linear MOS transfer
function. Considering the Taylor series of the small signal
drain current

iDS(t)= gm·vGS(t)+
1
2!
·g′m·v

2
GS(t)+

1
3!
·g′′m·v

3
GS(t)+. . ., (2)

where gm denotes the transconductance, and g′m and g′′m are
its first and second-order derivatives with respect to the gate-
source voltage vGS, it reveals that the drain current contains a
term of the squared input voltage and thus fulfils the desired
squaring operation (Parvizi et al., 2012; Byeon et al., 2011).
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Figure 3. Telescopic Operational Transconductance Amplifier
(OTA).

As apparent in Eq. (2), to maximize the squaring gain, the
first-order derivative of the transconductance g′m has to be
maximized. This is accomplished by biasing the transistor
in the moderate inversion region between sub-threshold and
strong inversion region, where the current flow mechanism
changes from diffusion to drift causing a maximum of g′m
(see Fig. 2) (Parvizi et al., 2012; Toole et al., 2004).

To extract the desired term of the output in Eq. (2), the un-
wanted fundamental wave gm·vGS(t) is suppressed by the LC
Filter of L1 and C1 (Byeon et al., 2011), which has a better
filter performance in the desired frequency band compared
to a simple capacity but at the cost of an extra chip area of
175 µm× 175 µm. The higher order term 1

3! ·g
′′
m·v

3
GS(t) on the

other hand is nearly zero due to the biasing in the moderate
inversion region. In this region g′m reaches a maximum and
therefore, its derivative g′′m passes through zero (see Fig. 2)
(Toole et al., 2004; Parvizi et al., 2012).

2.2 Control Loop

The control loop was implemented to set the dc output volt-
age to a defined value. In this way it is possible for a com-
parator to compare the squarer output signal with a defined
threshold voltage. This threshold voltage can easily be set
and adjusted (e.g. by a DAC) depending on factors like the
needed sensitivity or the robustness against interference and

Figure 4. Input resistance of the slew-rate booster over the input
voltage.

Figure 5. Settling of the output peak with and without the slew-rate
booster for a 200 mV input amplitude.

noise. This adjustable threshold takes also the DC-regulation
loop and the comparator offset into account. A possible com-
parator threshold voltage is illustrated in Fig. 6.

The control loop was realized with a telescopic OTA (Op-
erational Transconductance Amplifier) because of its simple
architecture, its high dc gain and its power efficiency (see
Fig. 3). The speed of the control loop has to be slow to not
attenuate the desired output signal. For this reason and for
the purpose of stability, the capacity C2 was inserted at the
OTA’s output (see Fig. 1).

2.3 Slew-Rate Booster

Due to the high output resistance, which is necessary for a
high gain at low input voltages, after the appearance of a
PPM pulse the output node voltage settles back to its dc volt-
age only with limited speed and hence limits the maximum
data rate. To enhance this settling time after an incoming
PPM pulse, a faster control loop is not suitable as it would at-
tenuate the desired output peak. Thus, an output-level depen-
dent slew-rate booster is added to the output of the squarer.
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Figure 6. Input (a) and output voltage (b) of the squarer for a input amplitude of 100 mV and a dc output voltage VCM = 900 mV. The
dashed line illustrates a possible threshold voltage of a subsequent comparator.

Figure 7. Output peak voltage (a) and RMS gain (b) over the input amplitude.

This slew-rate booster is depicted on the right side of
Fig. 1. It consists of one NMOS current mirror (M5, M6),
one PMOS current mirror (M7, M8), and two current sources
I1 and I2, which both are biased with the same current.

The input resistance of the slew-rate booster is

Rin ≈
1

gm,M5 + gmb,M5

||
1

gm,M7 + gmb,M7

(3)

where gm,M5 and gm,M7 are the transconductances of M5 and
M7 and gmb,M5 and gmb,M7 being the bulk transconductances
of M5 and M7 (Razavi, 2000). With gm and gmb of M5 and
M7 depending on the input voltage of the slew-rate booster,
the circuit forms a non-linear resistance with a large value for
small signals and a smaller value for larger ones (see Fig. 4).
Thus, small output peaks of the squarer will not be attenuated
whereas larger output peaks will be attenuated to settle faster.

The enhanced settling speed of the circuit with the slew-
rate booster can be observed in Fig. 5, where the output
peak of the squarer is plotted with and without the slew-
rate booster for an input amplitude of 200 mV. As the out-
put resistance is higher without the slew-rate booster, there
is a bigger peak appearing at the output, which settles back
slower. Due to the larger output resistance, the overall loop
gain is higher and the non-dominant output pole is shifted
to lower frequencies resulting in a low phase margin and an
overshooting behaviour. This can be reduced by increasing
the capacity C2 at the OTA’s output, but, however, at the cost
of an even slower settling.
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Figure 8. RMS gain over the biasing voltage of the input transistor
for an input amplitude of 100 mV.

3 Simulation Results

The squaring circuit is developed in a 180 nm CMOS tech-
nology. The following results are from post-layout simula-
tions including all parasitic elements.

Figure 6 shows the typical input signal of the squarer,
which is formed by a Gaussian pulse, and its corresponding
output peak. For a 15.6 Mbit s−1 PPM signal the incoming
4 GHz pulse has a duration of 2 ns followed by an at least
30 ns lasting pause depending on the bit sequence. Thus, the
output has to settle back to a tolerance range around its dc
voltage which depends on the comparator’s threshold within
this 32 ns. The dc output voltage VCM was chosen to 0.9 V.

For an incoming signal with a data rate of 15.6 Mbit s−1,
the squaring circuit reaches a gain as shown in Fig. 7 while
drawing a dc current of 724 µA at 1.8 V power supply.

Figure 7 plots the output peak voltage of the squarer as
well as the RMS gain over its input amplitude with and with-
out the slew-rate booster enabled. Due to squaring character-
istics the gain is small for low input amplitudes and rises for
larger ones. For low input amplitudes both circuits, the one
with and the one without the slew-rate booster, have similar
gain curves, which, however, diverge for larger amplitudes,
where the output peak is high enough to be detectable and
the slew-rate booster is taking over resulting in a gain drop.
At even higher input voltages saturation sets in further reduc-
ing the gain.

As already discussed before, the gain of the squarer de-
pends on the magnitude of g′m, which again is affected by the
bias voltage of the squaring transistor. Thus, it’s advisable to
examine the effect of bias voltage variations on the squarer’s
gain. Figure 8 shows the RMS gain of the circuit over the
gate-source-voltage of the input transistor. The maximum is
achieved for a gate-source-voltage of around 560 mV, which
is in accordance with Fig. 2. For a bias voltage variation of
± 10 % the gain is reduced by less than 1 dB.

4 Conclusions

This paper demonstrated a low-power squaring circuit with
a controlled dc output voltage for impulse-radio ultra-
wideband applications operating in the frequency range of
3–5 GHz. Due to a fast, novel slew-rate booster, which only
consists of two current sources and two current mirrors, the
settling time at the output has been decreased, whereby the
circuit is capable of processing data rates of 15.6 Mbit s−1

for pulse-position modulated signals. This data rate is more
than two times higher compared to the circuit without the
slew-rate booster, while only consuming 72.4 µW in addition.
The dc current consumption of the whole squaring circuit is
724 µA at a 1.8 V power supply resulting in a power con-
sumption of 1.3 mW.
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