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Abstract—This article describes a robust noncoherent
transceiver architecture for pulse-based ultrawideband (UWB)
communication systems. To address synchronization and inter-
ference issues in the conventional noncoherent transceiver with
on-off keying (OOK) modulation, two techniques are proposed.
The first one is twin-OOK (T-OOK) modulation, in which two
pulses are used to represent 1-bit data. A short-duration synchro-
nization pulse is employed for baseband synchronization, while a
long-duration data pulse based on frequency-hopping (FH) OOK
is employed for data transmission. The proposed modulation
scheme not only addresses the synchronization problem of a
transceiver baseband but also enhances the spectrum efficiency
of a transmitter by adopting an FH method. The second one
is uncertain-intermediate frequency (IF) down-conversion with
quadrature demodulation. The quadrature uncertain-IF receiver
achieves robust demodulation over frequency drift and good
narrowband-interference (NBI) tolerance with an on-chip band-
pass filter (BPF). In addition, ranging accuracy is enhanced with
in-phase and quadrature (IQ) two-path signals. A prototype 6—
8-GHz communication/ranging UWB transceiver is implemented
in 65-nm CMOS. The transceiver achieves—71-dBm sensitivity at
10 Mb/s and 0.96-cm root-mean-square (rms) ranging accuracy.
The transmitter and the receiver have the power consumption of
3.83 and 5.38 mW, respectively.

Index Terms—Frequency hopping (FH), low-power wireless
connectivity, ranging, transceiver, twin-OOK (T-OOK)
modulation, ultrawideband (UWB), uncertain-intermediate
frequency (IF).

I. INTRODUCTION

HE development of low-power wireless connectivity

has been accelerating with countless applications in the
Internet-of-Things (IoT) and biomedical wearable devices. The
conventional narrowband wireless connectivity standards, such
as Bluetooth low energy (BLE) and Wi-Fi, do not satisfy
the requirements of various applications for flexible data
rate, high energy efficiency, and fine ranging accuracy. The
BLE transceiver consumes less than 10 mW of power but
suffers from a very limited data rate [1], [2], [3], [4], [5],
[6]. Even though the new Wi-Fi standards support >1-Gb/s
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data transmission, system power consumption over 100 mW
is unbearable for low-power IoT applications [7], [8], [9].
In addition, due to their inability to provide centimeter-level
ranging accuracy, narrowband transceivers are not suitable for
fine ranging applications, such as indoor location tracking and
secure wireless connectivity.

A revived technique, the ultrawideband (UWB) one, has
been recognized as a promising candidate for next-generation
wireless connectivity. In the UWB technique, users commu-
nicate with each other by transmitting short-duration pulses.
The short-duration pulses occupy a wide signal bandwidth
in the frequency domain. Having short-duration pulses and
wide signal bandwidth, the UWB technique has two major
advantages. First, the UWB transceiver can either support
high-data-rate communications [10], [11], [12] or improve the
system energy efficiency by operating in a duty-cycled manner
for low-data-rate applications [13]. Second, the UWB signal
offers a high ranging resolution, which is useful for secure
short-range communications [14], [15]. Even though the
standard-compliant coherent UWB transceiver with high-rate
pulses (HRP) can achieve robust transmission performance
and fine ranging accuracy, a GS/s-sampling-rate analog-to-
digital converter (ADC) and a high-speed digital baseband
are required, which significantly decreases the system energy
efficiency [16], [17]. On the contrary, the noncoherent UWB
transceiver not only performs down-conversion through self-
mixing but also employs a straightforward modulation scheme
such as on—off keying (OOK). Not requiring the high-
frequency phase-locked loop (PLL) and the high-speed ADC,
the system energy efficiency is significantly improved. With
their low-power and low-complexity architectures, nonco-
herent UWB transceivers are demanded for energy-efficient
short-range wireless communications.

However, two major issues limit the development of con-
ventional noncoherent UWB transceivers, which arise from
baseband synchronization [18] and narrowband interference
(NBI) [19]. In this work, we propose two techniques to
address the major issues in UWB transceivers [20]. The first
one is twin-OOK (T-OOK) modulation. The T-OOK signal
employs a short-duration synchronization pulse as well as a
long-duration data pulse with frequency hopping (FH), which
not only eases baseband synchronization but also exhibits
good spectrum efficiency [21] and link margin. The second
one is the architecture of a quadrature uncertain-intermediate
frequency (IF) receiver. By replacing the high-frequency PLL
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with an open-loop digital-controlled oscillator (DCO), the
uncertain-IF architecture [19] inherits the low-power feature
of the conventional noncoherent UWB receiver while main-
taining a relatively good NBI tolerance. By combining the
in-phase and quadrature (IQ) two-path signals, the proposed
architecture also improves the ranging accuracy of the UWB
system. With the proposed methods, a prototype 6-8-GHz
sub-10-mW noncoherent UWB transceiver is implemented in
65-nm CMOS.

This article is organized as follows. Section II introduces
the T-OOK modulation and the signal-design considera-
tions. In Section III, the quadrature uncertain-IF receiver is
discussed. Section IV presents the proposed transceiver imple-
mentation, followed by the measurement results in Section V.
Finally, the conclusion is drawn in Section VI.

II. T-OOK MODULATION
A. Modulation Scheme

The T-OOK modulation is primarily proposed to address the
baseband synchronization issue. Fig. 1 shows the basic con-
cept of T-OOK in comparison to other modulation methods.
Benefiting from its simple signal format, the OOK modulation
shown in Fig. 1(a) is widely used in low-power UWB systems.
However, baseband synchronization becomes problematic due
to non-periodic pulses with a narrow pulsewidth. Even though
Vigraham and Kinget [22] proposed a digital clock-and-data
recovery (CDR) for baseband synchronization, a 32-bit pream-
ble is required. Moreover, the CDR performance is degraded
if a long sequence of data “0” appears. In order to ensure the
CDR performance, redundant bits must be added to balance
the data pattern. To simplify baseband synchronization in
UWB systems, the synchronized-OOK (S-OOK) modulation
is proposed [18], as shown in Fig. 1(b). Unlike the OOK
modulation, an additional synchronization pulse is inserted
before the OOK-based data pulse. This allows the transceiver
to easily achieve baseband synchronization by detecting the
synchronization pulse. The synchronization pulse, however,
does not contain any data information but appears every
symbol period. The system link margin is reduced by at least
3 dB due to the synchronization pulse.

Apart from baseband synchronization, the UWB spectrum
mask limits the maximum transmitter power in both the
OOK and the S-OOK modulations. To increase the maximum
transmitter power, a pulse-shaping circuit should be imple-
mented to improve the spectrum efficiency, which increases the
transmitter design complexity and power consumption as well.
In the T-OOK modulation, the durations of the synchronization
pulse Dsyn and the data pulse Dpara are different, as shown in
Fig. 1(c). We employ a short-duration pulse for synchroniza-
tion, while a long-duration data pulse with FH is employed
to improve the system link margin. The short-duration syn-
chronization pulse is located at the center frequency fi.
To satisfy the UWB spectrum mask, the carrier frequencies
of the long-duration data pulses are hopped to reduce the
peak level. The hopped carrier frequencies (f>, f3, f1,...)
locate around f;. By employing the FH method, the steep
spectral roll-off of the narrowband data pulse improves the
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spectrum efficiency of the synchronization pulse. Therefore,
the FH method not only ensures that the spectrum satisfies the
spectrum mask but also enhances the spectrum efficiency. For
ranging, the T-OOK signal is reconfigured into a conventional
UWB signal, with only the short-duration synchronization
pulse being transmitted. As a result, the ranging precision of
the T-OOK signal is not affected by the long-duration data
pulse.

In order to demodulate the T-OOK signal, a dual-path
demodulation method is proposed, as shown in Fig. 2. Con-
ventional baseband demodulation methods can be decomposed
into envelope detection and energy detection. Envelope detec-
tion achieves a good timing resolution but is sensitive to
high-frequency noise. On the other hand, energy detection
offers robust demodulation but requires an accurately defined
integration window. In this work, a dual-path demodulator
architecture is proposed to leverage the benefits of both enve-
lope detection and energy detection. The envelope detector
detects the rising edge of the synchronization pulse and
achieves baseband synchronization. The energy detector con-
sists of an integrator and a threshold-tunable comparator. The
synchronization controller SYN_CON and the window gener-
ator WIN_GEN create an integration window and a decision
clock for the energy detector by comparing the synchroniza-
tion pulse with the system baseband clock CLKwn. The
integration window is used by the integrator to integrate the
data-pulse energy, and the decision clock is fed to the compara-
tor for making data decisions. Since the synchronization pulse
is only used for baseband synchronization, the misdetection of
a few pulses does not degrade the overall sensitivity. On the
contrary, each data pulse contains unique information. The bit-
error-rate (BER) requirement of the data pulse is much stricter
than that of the synchronization pulse. Accordingly, envelope
detection is used to detect the synchronization pulse, while
energy detection is used to detect the data pulse.

B. Signal-Design Considerations

To design a T-OOK signal, three aspects need to be con-
sidered. Those are the synchronization pulse, the data pulse,
and the time interval between the synchronization pulse and
the data pulse.

The first aspect is the synchronization pulse. The
synchronization-pulse duration is determined by the T-OOK
signal bandwidth. In this work, the synchronization pulse has
a 4-ns duration with a null-to-null bandwidth of 500 MHz.
In this case, the data-pulse spectrum is easy to fill the
gap on either side of the main lobe of the synchronization-
pulse spectrum, forming a spectrum-efficient T-OOK signal
with a bandwidth of 500 MHz. If the synchronization-pulse
duration is less than 4 ns, the T-OOK signal bandwidth
will exceed 500 MHz. Therefore, a duration of 4 ns is the
appropriate value for the synchronization pulse.

The second aspect that needs to be considered is the
data pulse, including the pulse duration and the number of
subbands. First, the data-pulse duration and the number of
subbands are related to the spectrum efficiency. It is obvious
that a longer pulse duration and a greater number of subbands
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Fig. 2. Dual-path demodulation method for T-OOK signal.

shape the spectrum with a steep roll-off. However, a long-
duration pulse contains more energy, which may result in
the data-pulse spectrum exceeding the synchronization-pulse
spectrum. In that case, achieving a flat in-band spectrum
of the T-OOK signal becomes difficult, which significantly
reduces the spectrum efficiency. To quantitatively analyze
the spectrum efficiency, the power utilization ratio (PUR)
is proposed, which is defined as the ratio of the in-band
transmitter power Prxn-panp to the ideal maximum power
Pyvax, which is given by

Prx IN-BAND

PUR = (D

Pyiax

The ideal maximum power Pyax is limited by the spectrum
mask

PMAX =-—41.3 dBm/MHZ + IOIOg(BWSlg) (2)

where the unit of the signal bandwidth (B Wg,s) is MHz. For a
500-MHz-bandwidth signal, the ideal maximum power Pyax
is —14.31 dBm. Fig. 3(a) and (b) shows the simulated T-OOK
spectrums and PURs over different data-pulse durations and
numbers of subbands, with a synchronization-pulse duration
of 4 ns. It is clearly shown that the signal with 16 subbands
has a better spectrum efficiency compared to the signal with
8 subbands.

Second, the data-pulse duration is also related to the system
link margin. The synchronization pulse and data pulse are
used for baseband synchronization and data demodulation,
each with different signal-to-noise ratio (SNR) requirements.
On one hand, if the data pulse has a similar duration to
the synchronization pulse, the T-OOK signal closely resem-
bles the S-OOK signal, which reduces the system link margin.
On the other hand, if we continue to increase the data-pulse
duration, the synchronization pulse will not be able to satisfy
its SNR requirement because only a small portion of the
total signal energy is allocated to the synchronization pulse.
As a result, the baseband synchronization may be disrupted,
ultimately limiting the overall demodulation performance.

In order to achieve the optimal link margin, the analysis
of the BER for the T-OOK signal is conducted as follows.
Envelope detection is used to detect the synchronization pulse.
The BER for envelope detection on a pulsed-based signal
should be analyzed first. Assuming that the demodulated pulse
amplitude is V and the additive noise is narrowband Gaussian
noise with a variance of 01%,, the SNR can be calculated
as E,/Ny = V?/20%. We further assume that the threshold
voltage of the envelope detector is Vr gy so that the normalized
threshold voltage is given by yo = Vrgv/on. There are two
possibilities for misdetection. The first possibility is that the
envelope detector misjudges the symbol “0” as “l1.” This
means that the transmitter does not send a pulse, but the
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Fig. 3. Simulated T-OOK spectrums over different data-pulse durations and

numbers of subbands, with synchronization-pulse duration of 4 ns. (a) Eight
subbands. (b) 16 subbands.

receiver mistakenly decides that a pulse has been received.
The probability of misdetection without a transmitted signal
Py pv(RX|TX) is given by [23]

),2
Pypv(RX|TX) = e 7. 3)

It shows that the probability of this type of misdetection
is only related to the normalized threshold voltage yg. The
probability decreases as y, increases. The second possibility
for misdetection is that the envelope detection misjudges the
symbol “1” as “0.” This means that the transmitter sends a
pulse, but the receiver fails to detect it. The probability of
misdetection with a transmitted signal Pp, gy (RX|TX) is given

by [23]
_ 2E
Pppv(RX|ITX) =1 — Q(‘/ Tb, )’0) 4)

O, B) = / "1 Iyands )
B

where Q(«, B) is called the Marcum Q-function and Ip(x) is
the modified first-kind Bessel function. We can observe that
the probability of this type of misdetection is related to the
normalized threshold voltage yo as well as the SNR Ej;/Ny.
The probability increases as y, increases.

Now, we move to the T-OOK signal. Equations (3) and
(4) can be used to analyze the BER for envelope detec-
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tion on the synchronization pulse. In the T-OOK signal,
the synchronization-pulse position needs to be detected. The
synchronization pulse falls into one of three position intervals,
as shown in Fig. 2, representing the received signal leading,
lagging, or being in sync with the system baseband clock
CLKwN. Correspondingly, there are three cases of misdetec-
tion on the synchronization pulse. The first case of misde-
tection is when the synchronization pulse leads the baseband
clock, but the envelope detector fails to detect the pulse during
the leading position interval. The BER for the synchronization
pulse leading the baseband clock P gy 1Eap is given by

Py v.LEAD = Py v (RX|TX). ©)

Similar to the first case, the second and third cases of
misdetection on the synchronization pulse are also caused
by the failure of the envelope detector to detect the
synchronization pulse during the corresponding position
intervals. It should be noted that the envelope detector is
disabled for the remainder of the symbol period after detecting
a pulse. As a result, the BERs for the synchronization pulse
being in sync with the baseband clock P, gv syn and lagging
the baseband clock P, gviac are given by

PyEv.syN = Py v (RX|TX)

+ (1 = Pyev(RX|TX)) Py gv (RX|TX) @)
Pyev.iac = Py v (RX|TX)

+ (1 = Pp.pv(RXITX)) Py pv (RXITX)

+ (1= Poev(RXITX)) Py (RXITX).  (8)

Equations (6)—(8) conclude the synchronization-pulse BER
under different scenarios. Next, the data-pulse BER should
be analyzed.

Energy detection is used to detect the OOK-based data
pulse, which is the same as detecting an OOK signal. With
the same assumption in the envelope-detection analysis, the
demodulation performance of energy detection is related to
the SNR Ej /Ny, the width of the integration window Tjy, the
receiver equivalent noise bandwidth BWgy, and the threshold
voltage Vr gg. The BER P, g and the optimized threshold
voltage Vr g are [24]

2e (Tin) Ep/ N
Pyrc = Q( e (Tin) Ep/ No ) ©)
vM + \/M +4M8(Tint)Eb/N0
2te (Tint) Epy/ MNG
Vrec = MNo + (10)

JMN3 + 4 (T EyNo + || MN}

where 1. (Tine) represents the proportion of pulse energy within
the integration window (0 < w.(Tine) < 1). M, which is equal
to the product of the integration-window width and the noise
bandwidth (Ti, - BWgx), is used to measure the impact of
integrated noise energy. From (9), the energy detection BER
decreases as . (Tiy) increases or M decreases.

Fig. 4 shows the BER comparison between the envelope
detection on the synchronization pulse from (6) to (8) and the
energy detection on the data pulse from (9). For the envelope
detection, the normalized threshold voltage y, is set to 0.65.
For the energy detection, w.(Tiy) is set to 0.8 and M is setto 1.
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Given that the baseband synchronization controller can achieve
baseband synchronization with a synchronization-pulse BER
of around 0.2, while the data-pulse BER should be less than
1073, the SNR requirement for the synchronization pulse is
around 5 dB lower than that for the data pulse. To satisfy
both BER requirements for the synchronization pulse and
the data pulse, the data-pulse energy Ej,para should be
5 dB higher than the synchronization-pulse energy Ejsyn
to maximize the system link margin. As a result, the pulse
energy ratio Ep para/Epsyn is a critical parameter used to
design a T-OOK signal from the perspective of the system link
margin.

Fig. 5 summarizes the PUR and the pulse energy ratio
Eppara/Epsyn of different T-OOK signals with a 4-ns
synchronization-pulse duration. A T-OOK signal with 16 sub-

bands and a data-pulse duration of 18 ns is chosen in
this work. The signal offers the best spectrum efficiency
(PUR = —-0.46 dB) and a moderate system link margin
(Eb,pata/ Epsyn = 6.53 dB).

The last signal-design consideration is the time interval
between the synchronization pulse and the data pulse. The
time interval is primarily determined by the maximum data
rate and the presence of multipath interference. If the time
interval is too short, the multipath interference caused by the
synchronization pulse will affect the data pulse. On the other
hand, the maximum data rate of this work is 10 Mb/s and
the symbol period is only 100 ns. If the time interval is too
long, the multipath interference caused by the data pulse will
affect the synchronization pulse in the next symbol. Therefore,
the time interval should be chosen carefully. It seems that the
time interval should be half the symbol period to maximize
the interval and suppress the multipath interference caused by
different pulses. However, two additional points need further
consideration. First, the durations of the two types of pulses are
different. The synchronization-pulse duration is much shorter
than the data-pulse duration. Second, the synchronization pulse
is detected through envelope detection, while the data pulse is
detected through energy detection. Energy detection is more
robust against interference than envelope detection. As a result,
the multipath interference caused by the synchronization pulse
is less severe than that caused by the data pulse. Based on the
above points, the time interval between the synchronization
pulse and the data pulse is set to 28 ns in this work, leaving a
time interval of 50 ns between the data pulse and the next-bit
synchronization pulse.

III. QUADRATURE UNCERTAIN-IF ARCHITECTURE

The self-mixing-based noncoherent UWB receiver achieves
low-power and low-complexity demodulation but is vulnerable
to NBI. In [19], an uncertain-IF architecture is employed for
the UWB receiver to achieve a good NBI tolerance. Fig. 6
shows the basic concept of the uncertain-IF receiver. In the
receiver, an RF signal is first down-converted to a specific
range of an IF using a mixer and then further down-converted
to a baseband signal using a squarer. Since the squarer can
tolerate frequency uncertainty, a high-frequency PLL can be
replaced with a roughly calibrated oscillator. In addition, the
bandpass filter (BPF) at the IF stage provides an additional
filtering effect to the NBI compared to the conventional
noncoherent receiver. In the narrowband receiver [25], the
uncertain-IF architecture requires an off-chip high-Q RF filter
to reject nearby interferers in the crowded ISM band due to
the IF uncertainty. Besides, precise control of the LO-signal
frequency is critical in the narrowband receiver as well. In the
UWSB receiver, a wide signal bandwidth with a generous guard
band enables the use of an on-chip RF amplifier (RFA) instead
of an off-chip RF filter. In addition, the design complexities
of the LO generator and the IF filter are also reduced.
As the high-frequency PLL is replaced with an open-loop
oscillator, the uncertain-IF receiver greatly simplifies the over-
all transceiver architecture and improves the system energy
efficiency.
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Fig. 7(a) shows the block diagram of a conventional
uncertain-IF receiver. The input RF signal RFy is

RF [y = sin(wct) - p(t)
p(t) =u(t) —ul —1)

where p(t) represents a square pulse envelope and u(?) is the
step function. The LO signal IO is

(1)
12)

LO = sin[(wLo + wo)t + ¢o] (13)

where oy is the LO-signal frequency offset between the current
frequency and the ideal frequency. ¢q is the LO-signal phase
offset between the current phase and the ideal phase. The
output signal of the mixer MIXER oyt is

MIXER oy = RFy - LO
1
= 5{ cos[(wr — wo)t — ¢ol

—cos[Qwro + o + wo)t + <.00]} -p(®)
(14)

where wr = w.~wro is the IF value. After the BPF, the
high-frequency component is filtered out and the output signal
of the BPF BPFOUT is
1
BPF our = 3 cos[(wr — wo)t — ¢ol - p(1). (15)

The squarer output SQ,yr is the baseband signal, which is
given by

1
SQour = glcosl2(wrr — wo)t — 2¢0] + 1}-p®?*.  (16)

From (16), the squarer output contains both the dc compo-
nent and the 2nd-order-harmonic component. An LPF needs
to be used to filter out the 2nd-order-harmonic component,
leaving only p(¢)?/8 in the ideal case. However, the 2nd-
order-harmonic component cannot be completely filtered in
practice. The remaining 2nd-order-harmonic component mod-
ulates the rising edge of the demodulated pulse and introduces
rising-edge jitter, which degrades the accuracy of time-of-
flight (TOF) ranging. Hence, choosing a relatively high IF
is desirable to relax the LPF requirement and minimize the
degradation of ranging accuracy. In addition, having a high
IF is beneficial for mitigating image interference in the con-
ventional uncertain-IF architecture. As a result, a high IF of
1.5 GHz is chosen in [19].

In this work, we propose a quadrature uncertain-IF archi-
tecture, as shown in Fig. 7(b). Similar to the derivation in the
conventional uncertain-IF architecture, the input signal RFy
and the quadrature LO signals LO_I and LO_Q are

RF |y = sin(wct) - p(t) (17
LO_I = sin[(wro + wo)t + ¢o] (18)
LO_Q = cos[(wLo + wo)t + ¢@ol. (19)

The quadrature mixers down-convert the input signal to
the dual-path IF signals, and the BPFs limit the IF-signal
bandwidth. The output signals of the BPFs BPF_Ioyr and
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BPF_Q oyt are given as follows:

1
BPF _Iloyr = 3 cos[(wir — wp)t — @ol - p() (20)

1
BPF_Qour = 3 sin[(wir — wo)t — @ol - p(2). 2D

After the squares and the summer, the baseband signal
SUM ouUT is

1
SUM oyr = BPF_I%,; + BPF_Q%,; = 2 p)?% (22)

From (22), it is easy to observe that by combining the IQ-
path signals, the quadrature uncertain-IF architecture does
not suffer from the 2nd-order-harmonic problem present in
the conventional uncertain-IF architecture. Fig. 8 shows a
comparison of the ranging accuracy between the conventional
uncertain-IF architecture and the quadrature uncertain-IF
architecture with different IFs. The ranging variation is cal-
culated by measuring the time interval between the rising
edges of the demodulated pulses with different phases of
the input signal. Caused by different phases, the maximum
ranging variation of the conventional uncertain-IF architecture
increases with a low IF, while the quadrature uncertain-IF
architecture maintains almost the same ranging variation with
different IFs. As a result, a zero IF is chosen to reduce power
consumption and circuit design complexity in the quadrature
uncertain-IF architecture. In addition, the zero-IF architecture
does not suffer from image interference. Due to the wide signal
bandwidth, the dc offset and 1/f noise can be directly filtered
out by the BPF. However, eliminating the frequency mismatch
between the transmitter and the receiver is challenging due
to the open-loop oscillator. Therefore, the zero IF becomes a
close-to-zero IF in practice.

For the quadrature uncertain-IF architecture, one potential
issue is the IQ mismatch. Fig. 9(a) shows the sensitivity degra-
dation caused by IQ mismatch. The sensitivity is measured
at BER = 1073. We assume that there is an additive white
Gaussian noise (AWGN) channel between the transmitter and
the receiver. It is evident that if we can control the IQ gain
mismatch to be less than 50% and the phase mismatch to
be less than 30°, the sensitivity degradation will be less than
1 dB. Compared to the sensitivity, the ranging accuracy is
more sensitive to the IQ mismatch, as shown in Fig. 9(b).
If the IQ gain mismatch is less than 15% and the phase
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mismatch is less than 5°, the maximum ranging variation
caused by different phases of the input signal will be less than
1 cm, which can be easily achieved with a calibrated all-pass
filter (QAF). In addition, since the phases of an input signal
at different times are almost random, the ranging accuracy
can be further improved by oversampling. The oversampling
operation is done by a AX time-to-digital converter (TDC)
[26], which will be discussed in Section IV.

IV. TRANSCEIVER IMPLEMENTATION

Fig. 10 shows the block diagram of the proposed archi-
tecture. The transmitter employs a conventional DCO-based
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architecture. The LO signal directly up-converts the T-OOK
baseband signal to the RF signal. The T-OOK modulator 7-
OOK MOD generates the T-OOK baseband signal, and the
FH controller FH_CON controls the center frequencies of
each data pulse. The receiver front end is based on the
quadrature uncertain-IF architecture. Based on the previous
analysis, a close-to-zero IF is chosen to minimize power
consumption and simplify circuit designs. An open-loop DCO,
replacing the high-frequency PLL, serves as the LO generator.
The 1Q LO signals are separated by a quadrature QAF. The
active BPF is used not only to suppress the LO leakage and
1/f noise but also to provide variable gains. The IQ signals
are combined into the baseband signal by a summer. The
demodulated T-OOK signal is detected using the dual-path
architecture, where the synchronization pulse and the data
pulse are detected by envelope detection and energy detection,
respectively. The synchronization controller achieves baseband
synchronization by using the output of the envelope detector.
It generates the integration window and the decision clock for
the energy detector. The envelope-detector output is directly
fed to a AX TDC for fine ranging. The AX TDC achieves
picosecond-level time resolution with a 1-bit oversampled
output. A 1-GHz PLL with a ring voltage-controlled oscillator
(VCO) produces baseband clocks at various frequencies.

Fig. 11 shows the block diagram of the T-OOK modulator.
The T-OOK modulator consists of an edge-triggered pulse
generator (ETPG) and a delay-line-based pulse generator
(DLPG). The ETPG generates the synchronization pulse with
a fixed duration introduced by a fixed delay cell. The DLPG
generates the data pulse by combining two delay-cell outputs.
The data-pulse duration, as well as the time interval between
the synchronization and the data pulses, is determined by
selecting different delay-cell outputs with a step of 2 ns.
The AY TDC block diagram is shown in Fig. 12. The AX
TDC consists of a phase detector (PD), a charge pump (CP),
an integration capacitor Ciyt, a comparator, a D-type flip-flop
(DFF), and a multiplexer. The 1-GHz PLL with the finite-
state machine (FSM) generates two reference signals, PSO
and PS1. By comparing the phase differences between the
reference signals and the demodulated signal, Ciyt is either
charged or discharged. After that, the comparator quantifies the
integration voltage and outputs 1-bit data. By averaging the 1-
bit-data stream, the noise-filtering feature can be achieved in
the AX TDC. Fig. 13 shows the schematic of the DCO and the
mixer in the transmitter. Complementary cross-coupled pairs
Mpi—Mp, are utilized in the LC DCO to achieve both good
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Fig. 13.

DCO and mixer schematic.

noise performance and a short startup time. The LC DCO
achieves a phase noise of —94 dBc/Hz at a 1-MHz offset for
a 7.5-GHz output. With an 8-bit binary-weighted frequency
control word FCW(7:0) and a redundant bit FCW(8), the
DCO achieves a frequency resolution of 10 MHz/LSB. The
Gilbert-type mixer is designed for up-conversion. Random
binary-phase shift keying (BPSK) modulation is applied to
eliminate the discrete spectral spurs of the RF signal [13].
Fig. 14 shows the schematic of the RFA. The RFA is a
two-stage wideband amplifier that achieves a 500-MHz band-
width with a center-frequency tuning range of 6.3-8.6 GHz.
The noise figure (NF) and the input 3rd-order intercept point
(ITP3) of the RFA are 8.5 dB and —15.2 dBm, respectively.
A 4-bit binary-weighted current control word GCW (3:0) is
used to adjust the gain of the amplifier within the range
of 22.6-31.8 dB. The QAF shown in Fig. 15 contains a
2-bit resistor array RCW(1:0) and a 4-bit capacitor array
CCW(3:0) to achieve amplitude and phase trimming steps
of 100 mV and 5°, respectively. Two additional resistors Rg,
with the parasitic resistance of the capacitor array, mitigate
the capacitive loading and minimize the IQ amplitude and
phase mismatch [27]. Fig. 16 shows the schematic of the
active BPF [15]. The input high-pass network has a tunable
corner frequency of 1-30 MHz with the control word S(2:0).
The low-pass network is implemented at the output of the
BPF with a typical corner frequency of 300 MHz, providing a
50-MHz margin for the IF uncertainty. A source-degeneration
resistor array TC(4:0) is used to achieve the gain control
of 9.2-20.5 dB. The comparator in the receiver baseband
employs a double cross-coupled pair to achieve a high voltage
gain [28]. A current-steering digital-to-analog converter (DAC)
is designed to adjust the threshold voltage by changing the
differential-pair bulk voltage.
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TABLE 1
PERFORMANCE SUMMARY AND COMPARISON
This Work [14] 171 [18] [19] [29]
Process 65-im CMOS | 130-nmcMos | 40:0MCMOS 1 g5 i cMos | 65-nmCMOS | 130-nm CMOS
+ 130-nm SOI
Architecture Uncertain-IF Coherent Coherent Noncoherent Uncertain-IF Noncoherent
Application(" C&R C&R C&R C C&R C
Area (mm?2) 342 5.8 10.5 0.6 3.75 0.55(2)
Modulation T-OOK BPSK BPM + BPSK S-00K S-O0K PPM
RF Band (GHz) 6.0-8.0 3.0-5.0 6.5-10 3.6-4.3 7.25-7.75 7.25-8.5
Data Rate (Mb/s) 10 1 0.85 1 5 4.4
X 3.83 N/A 61.6 0.258 N/A
Power (mW) 5.93
RX 5.38 50 150 2.18 1.9
Energy X 0.38 N/A 725 0.26 N/A
Efficiency 1.2
(nJ/b) RX 0.54 50 176 1.45 0.44
Ranging Accuracy (cm) 0.96® 0.25 1 N/A 1.46G) N/A
Sensitivity (dBm) -71 @ 10 Mb/s 95@ 1 Mb/s  |-99 @ 0.85 Mb/s®)| -66 @ 1 Mb/s 77 @ 1 Mb/s -86 @ 4.4 Mb/s
Sensitivity N } 0”@ . R .
Scaled to 1 Mb/s (dBm) £l 95 98 66 7 92
NBI Tolerance (dBm) / y ®) B R ~ }
NBI Frequency (GHz) 22.40) /6 N/A 40/5.8 217124 23.8/6 45/ 6

(1) C: communication, R: ranging () Active area (® Rms error *) BER=0.1 (%) Measured at 7.5-GHz band
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V. MEASUREMENT RESULTS

. o . Fig. 17. Chip micrograph.
A prototype T-OOK transceiver is implemented in 65-nm

CMOS. A chip micrograph is shown in Fig. 17. The die area,

including pads, is 1.9 mm x 1.8 mm. The measured DCO compensate for process variation. Fig. 19(a) and (b) shows
tuning range is 5.7-8.0 GHz, as shown in Fig. 18. The highest the measured transmitter spectrum and waveform with a data
bit of the DCO control word serves as a redundant bit to rate of 10 Mb/s. The T-OOK signal contains 16 subbands,
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Fig. 19. Measured transmitter performance. (a) Spectrum comparison
between T-OOK and OOK. (b) Transient waveform.

and the synchronization pulse and data pulse have durations
of 4 and 18 ns, respectively. Also, an OOK signal with a
duration of 4 ns is generated for comparison. Due to the FH
method, the T-OOK signal exhibits a fairly flat passband and
a steep roll-off, verifying better spectrum efficiency compared
to the OOK signal. Fig. 20 shows the measured receiver
performance. The center frequency is set at 7.5 GHz. The
demodulated waveforms of the synchronization pulse and the
data pulse are shown in Fig. 21(a), as detected by the envelope
detector and the energy detector. To verify the improvement
in the link margin of the T-OOK modulation, we compare
the receiver sensitivity of the T-OOK signal and the S-OOK
signal. The T-OOK signal and the S-OOK signal are generated
by an arbitrary waveform generator (Tektronix AWG70001B).
A tunable attenuator is inserted between the transmitter and the
receiver to adjust the input power levels. For the T-OOK signal,
the receiver achieves a sensitivity of —71 dBm at 10 Mb/s,
while it is —68 dBm for the S-OOK signal, as shown in
Fig. 21(b). To measure the NBI tolerance, a 7.5-GHz T-OOK
signal with a 10-Mb/s data rate and a —70-dBm power is used
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Fig. 21. Measured ranging performance. (a) Measurement setup. (b) Ranging
error when the TOF varies from 0 to 3 ns.

as an input signal. In addition, a 6-GHz BPSK signal with a
20-MHz bandwidth is used as the interference, emulating the
802.11a Wi-Fi signal. The receiver achieves an NBI tolerance
of —22.4 dBm with 1-dB sensitivity degradation.

The ranging measurement setup is shown in Fig. 21(a),
where dyvasure represents the distance to be measured and ¢
is the speed of electromagnetic wave propagation. The actual
distance between the transmitter and the receiver is fixed
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at 1 m. To prevent reference frequency mismatch between
the transmitter and the receiver, both devices use the same
reference clock frgp. A pulse-position-modulation (PPM)
method is utilized to emulate different actual distances on the
transmitter side. The portion of dyeasurg that exceeds 1 m
is emulated by transmitting pulses with a time delay tpgpay.
In this work, the pulse position is accurately controlled with a
time step of 200 ps. A TOF resolution of 200 ps is equivalent
to an actual distance of 6 cm. The AX TDC relaxes the PLL
jitter requirement by oversampling. The 1-GHz baseband PLL
achieves a phase noise of —84.7 dBc/Hz at 1-MHz offset with
a power consumption of less than 500 uW. Benefiting from
the quadrature uncertain-IF architecture and the A¥ TDC, the
transceiver achieves a root-mean-square (rms) ranging error of
0.96 cm with a pulse repeat frequency (PRF) of 1 MHz when
the TOF varies from O to 3 ns, as shown in Fig. 21(b).

Table I shows the measured performance summary in com-
parison with other recent UWB transceivers or receivers. The
proposed transceiver has both communication and ranging
modes. In the communication mode, the transceiver has a
sensitivity of —71 dBm at 10 Mb/s and an NBI tolerance
of —22.4 dBm for 6-GHz interference. In the ranging mode,
the transceiver achieves an rms ranging accuracy of 0.96 cm.
With the T-OOK modulation and the quadrature uncertain-
IF demodulation, the proposed transceiver overcomes the
disadvantages of the conventional noncoherent architecture in
terms of baseband synchronization, spectrum efficiency, NBI
tolerance, and fine ranging while also inheriting the low-power
and low-complexity features.

VI. CONCLUSION

A T-OOK UWB transceiver with the quadrature
uncertain-IF receiver architecture is implemented in 65-nm
CMOS. With the proposed T-OOK modulation, the transceiver
not only achieves baseband synchronization efficiently but
also obtains good spectrum efficiency and system link margin.
With the quadrature uncertain-IF architecture, the receiver
inherits the low-power and low-complexity features of the
noncoherent receiver while maintaining a relatively good
NBI tolerance. The transceiver achieves a sensitivity of —71
dBm at 10 Mb/s and an rms ranging accuracy of 0.96 cm.
The transmitter and the receiver have power consumption of
3.83 and 5.38 mW, respectively.
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