
P
os
te
d
on

17
M
ar

20
20

—
C
C
-B

Y
4.
0
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
36
22
7/
te
ch
rx
iv
.1
93
42
37
6.
v
1
—

e-
P
ri
n
ts

p
os
te
d
on

T
ec
h
R
x
iv

ar
e
p
re
li
m
in
ar
y
re
p
or
ts

th
at

ar
e
n
ot

p
ee
r
re
v
ie
w
ed
.
T
h
ey

sh
ou

ld
n
ot

b
..
.

A Novel Waveform-Tracking BLE Receiver

Suoping Hu 1, Peng Chen 2, philip quinlan 2, and Bogdan Staszewski 2

1University College Dublin
2Affiliation not available

October 30, 2023

Abstract

We present a first-ever waveform-tracking receiver (RX) with type-II phase-tracking loop. In this preprint, a novel nonlinear

filter in the feedback path is proposed to obtain better interference rejection performance. This digital nonlinear filter assists the

receiver with tracking the waveform intelligently by predicting the incoming symbols; hence, we define this proposed RX as a

waveform-tracking (WT)-RX. The simulation and preliminary measurement results are demonstrated in this paper. Moreover,

we explore the issues of the current version WT-RX to provide guidance on possible future follow-up activities.
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Abstract—We present a first-ever waveform-tracking receiver
(RX) with type-II phase-tracking loop. In this preprint, a novel
nonlinear filter in the feedback path is proposed to obtain better
interference rejection performance. This digital nonlinear filter
assists the receiver with tracking the waveform intelligently by
predicting the incoming symbols; hence, we define this proposed
RX as a waveform-tracking (WT)-RX. The simulation and
preliminary measurement results are demonstrated in this paper.
Moreover, we explore the issues of the current version WT-RX
to provide guidance on possible future follow-up activities.

Index Terms—Bluetooth low energy (BLE), digitally con-
trolled oscillator (DCO)-based receivers (RXs), discrete-time
(DT) filter, discrete-time (DT) receivers, Internet-of-Things (IoT),
waveform-tracking RXs (WT-RXs), successive-approximation-
register (SAR)-analog-to-digital converter (ADC), ultra-low
power (ULP), ultra-low voltage (ULV).

I. INTRODUCTION

TO meet the increasing amount of Internet-of-Things (IoT)
nodes, the wireless RXs must meet the requirements of

high power efficiency and selectivity. BLE requires at least
17/27-dB of interferer rejection at 2/3-MHz offsets. Due to
operating in the crowded 2.4-GHz ISM band, the BLE RXs
are expected to face more stringent specifications for the next-
generation IoT nodes. The phase-tracking receivers [1], [2],
[3], [4] have been proven superior in energy efficiency, while
their selectivity is severely restricted from further improving
by the loop delay as a result of the required sharp filtering.
Despite the fact that our previous work in [2], [3] meet
the BLE specs with a 2∼3-dB margin, they compromise the
selectivity compared to the conventional open-loop Cartesian
RXs, where the interference rejection ratio is only limited by
the filter bandwidth as long as the RX is not saturated. A >10-
dB specification margin can be easily obtained with a high-
order sharp filtering [5], [6] and optimization on the linearity
of subblocks [7], [8]. However, this requires at least 2× the
power and area of the PT-RX due to the I/Q demodulation.

Staszewski et al. [9] have proposed and demonstrated
an interpolative GFSK pulse-shape filtering for wireless RF
transmitters with an arbitrary reference frequency. Inspired
by that work, we propose an efficient nonlinear pulse-shape
filtering for the WT-RX to improve the signal-to-noise ratio
(SNR) of the oscillator tuning word (OTW). Based on the
stored previous two symbols, this WT-RX predicts the on-
going GFSK symbol and makes the decision “intelligently”.
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II. PROPOSED WAVEFORM-TRACKING RX
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Fig. 1. Simplified diagram of the proposed WT-RX.

Figure 1 shows a simplified diagram of the proposed WT-
RX, which is identical to the one shown in [2]1. The digitally
controlled oscillator (DCO) tracks the RF input, and the
passive mixer detects the residual frequency difference be-
tween them. The discrete-time LPF would filter out undesired
components, i.e., interferers, high-order harmonics, etc, after
the transimpedance amplifier (TIA). A low-power SAR ADC
is utilized to digitize the phase difference between RF input
and DCO output signal. To verify the effectiveness of the
waveform-tracking loop, a test-mode multiplexer is applied
to select either the phase-tracking or waveform-tracking oper-
ation.
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Fig. 2. Proposed RX emphasizing the details of the nonlinear waveform-
tracking filter.

A. Proposed Non-linear Waveform-Tracking Filter

Figure 2 illustrates the proposed waveform-tracking loop in
detail. The detected trajectory from the ADC is fed into the

1Note: switch S1 is now turned on.
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PI-based loop filter. Subtracting the two pre-stored reference
candidates (i.e., “Trj.1” and “Trj.0”) in the trajectory memory
block from the PI controller’s output (see “Trj.in” in Fig. 2), we
can obtain two candidates of the residual error. The multiplexer
is used to select either the integrated or absolute value of
the residual error candidates, depending on the investigation
objectives. The trajectory candidate with the minimum residual
error is picked and then delivered as the OTW of the DCO.
The trajectory memory, together with the waveform-tracking
block, functions as a nonlinear waveform-tracking filter.
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Fig. 3. (a) Trajectories for various state transitions based on previous symbol
values. (b) Implementation of the trajectory memory block.

The implementation of the trajectory memory block is
illustrated in Fig. 3. It stores all eight possible states (i.e.,
trajectories) from the combination of three binary symbols
(the current and previous two symbols), such as the red
curve “010”, as shown in Fig. 3(a). In Fig. 3(a), each symbol
(1µs period) is 8× oversampled2 and waveform-tracking block
makes a decision every sampling cycle to minimize the risk
of incorrect tracking. The blue vertical line refers to the last
sample of a state where the WT block updates the right-hand
bit and enters to the tracking period for the next symbol.
Let us make an example to gain an in-depth insight. Assume
that the previous two states are known as “01”, for the first
few samples, both candidates “Trj.1” [see the blue curve in
Fig. 3(a)] and “Trj.0” [see the red curve in Fig. 3(a)] are
identical. However, after a half period (0.5µs) the difference
between the two candidates keeps growing, which indicates the
waveform-tracking block has a better odds to make a correct
decision at the latter half period of the symbol. If the detected
trajectory from the loop filter is “011” (where the right-hand

2To simply the analysis, Fig. 3(a) only demonstrates an 8× oversampling,
but in this work we have implement a 25× oversampling.
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Fig. 4. Conceptual illustration of waveform-tracking (WT) non-linear filter.

bit is the most recent one), the blue curve in Fig. 3(a) is the
correct candidate and the red one (referring to “010”) is wrong.

All coefficients of the remaining trajectories can be derived
from the fundamental C[k] (see equation 1), which forms the
trajectory “011”.

C[k] =

k−1∑
n=0

h[n] (1)

where h[n] is the impulse response of the Gaussian filter
in discrete-time domain and can be derived with a fixed
modulation index m, e.g., m = 0.5 for BLE, as stated in
[9]. C[k] is pre-calculated and stored in a look-up table with
k = 0, ..., N − 1 being the index. N is the oversampling
ratio (OSR), which is 25 in this work. CR[k] represents the
reversed-order coefficients, which are computed as

CR[k] = C[N − k] (2)

where C[N ] is the maximum value of the accumulated coeffi-
cient, e.g., +1.0. The di-bit coefficients CD[k] are computed
as

CD[k] = C[k] + C[N − k]− C[N − 1] (3)

To save the hardware cost, only C[k] coefficients are pre-
stored in a read-only memory (ROM)-like fashion, and the
rest are pre-calculated on power-up through an arithmetic
combinatorial logic. A two-dimensional multiplexer is used
in Fig. 3(b) to select the 3-bit trajectory and 5-bit sample,
respectively.

Figure 4 conceptually illustrates an example of processing
the waveform tracking with an input symbol sequence of
“00101011”. The black curve refers to the detected trajectory
from the loop filter, and the blue one is the recovered correct
trajectory. Due to the non-ideality of the tracking loop, such
as gain error, the detected trajectory could be different from
the GFSK waveform. In the case of ‘a’, “Trj.in” exhibits a
slight overshoot (i.e., overestimated gain) and a sudden jump
happens at the fifth sample, where the decision is corrected.
Meanwhile, an underestimated gain could cause a dumped
“Trj.in”, which is not an issue when the current input symbol
is “0”, such as the case of ‘b’, but it results in the sudden jump
in the case of symbol “1”, as shown in the case of ‘c’. This
jump or glitch could be minimized by reducing the decision-
making interval, such as every sample.
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making rates: (a) every eight samples, (b) every sample.

B. Simulation Results

A behavioral model is built in Simulink to verify the
effectiveness of the proposed WT-RX3. The simulated output
waveforms of PI and OTW are demonstrated in Fig. 5. It is
clear that the OTW trajectory demonstrates a nearly perfect
recovery of the input GFSK-modulated data sequences and is
much smoother than the detected one from the PI controller,
which verifies the effectiveness of the proposed WT-RX. Note
that the tiny “jump” of OTW output in Fig. 5 is because of
the wrong initial prediction of the next symbol, which can be
reduced by increasing the sampling frequency. The trajectories
of the two reference candidates are also shown. Since the loop
gain has been set to match with the input frequency range, the

3RX NF = 8 dB; 1 dB compression point of RX, CP1dB = 0 dBm; phase
noise (PN) of DCO = −112 dBc/Hz at 1 MHz offset; and RF input is
−67 dBm.

Fig. 7. The recovered output of ADC with a RF input level of −67 dBm and
GFSK modulated symbols.
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Fig. 8. The recovered output of ADC with a RF input level of −84 dBm and
GFSK modulated symbols.

“jump” mentioned in Section II-A is minimized. The simulated
output waveforms with 25% larger loop gain are shown in
Fig. 6, where the “jump” is much worse than the case with
normal loop gain. Besides, a large interval (i.e., 8 samples)
between each comparison decision could cause a spur or even
a tracking error, as shown in Fig. 6(a), thus a small interval
between each comparison decision (i.e., 1 sample) is preferred.
Figure 6(b) shows that the spur level is reduced dramatically
by applying one-sample-based decision-making.

III. EXPERIMENTAL RESULTS

A. Preliminary Results

Figure 7 plots the ADC output of a GFSK-modulated pseu-
dorandom data with −67-dBm at the RF input. Figure 8 shows
the ADC output with a GFSK-modulated regular data pattern
(“10101010000111...”) and the RF input power of −84 dBm.
The recovered data is obtained by applying a post-processing
filter, which is a moving average filter with a window size
of up to 14 samples. These two figures indicate that the
waveform-tracking loop works properly. However, due to some
bugs and issues of the current version, we cannot obtain further
performance results in terms of ACR and sensitivity, which
will be discussed in the following section.

B. Bugs in the Current Version WT-RX

This section discloses several “bugs” of the current version
of WT-RX, such as gain normalization for the reference
trajectories, overflow of the detected trajectory difference, and
data pattern constraints.
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1) Gain Normalization Issue: The first recognized issue
from the measurements is the lack of gain normalization for
the reference trajectories in the ROM block. To minimize
the decision-making error, the output range of the reference
trajectories (“Trj.1” and “Trj.0” in Fig. 9) must be adapted
to match with the detected trajectories from the PI controller
(“Trj.in” in Fig. 9). However, in this version, the trajectory
memory block (see Fig. 9) is implemented with a fixed 8-
bit range without any programmablity. Note that with some
specific input level, analog gain, and PI coefficients, the RX
can still demodulate successfully; however, it does not allow
us to change the input signal level.

start
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Fig. 10. Waveforms at various nodes with (a), and without (b) the overflow
issue.

2) Overflow Issue: Another issue is the overflow of the 8-
bit register [nodes “Delta Trj0” and “Delta Trj1” in Fig. 9]
storing the difference between the detected and pre-stored
trajectory. There are several scenarios where this overflow
would happen: 1) “Trj.in” could exceed the 8-bit range due
to a severe interference disturbance; 2) the detected trajectory
“Trj.in” is corresponding to symbol “1” while the reference
trajectory is delivering symbol “0”; namely, the difference
between these two trajectories is maximized due to a wrong
decision. Figure 10(a) plots the waveforms of various output
nodes (e.g., LPF, PI, OTW) when the overflow happens, which
results in consecutive errors. Figure 10(b) shows the case

where the overflow bug is solved by merely doubling the range
of the related registers. This indicates that to fix this overflow
bug in all scenarios, the simplest and most effective way would
be adding enough redundancy to the corresponding registers.

adc_out

input  
signal

LPF_out

OTA

p=2
p=4
p=8

Fig. 11. The waveforms at various nodes with different values of integral
coefficient ρ.

3) Data Pattern Constraint: Lastly, similar to the type-I PT-
RX, the digital integrator in the non-linear waveform-tracking
loop does not function effectively to zero out the residual phase
error. This indicates that the consecutive symbols, i.e., “1”
or “0”, could fail the tracking loop eventually. The digital
integrator could accelerate this failure process due to this
nonzero phase error [2]. Figure 11 plots the waveforms at
various nodes, such as LPF output, ADC output, and DCO
input (OTW), with different values of the integral coefficient
ρ.

IV. CONCLUSION

A waveform-tracking receiver is proposed in this paper to
further suppress the adjacent channel interference in a non-
linear manner. As a highly experimental prototype, although
it suffers from some “bugs” and issues, which restrict its
performance, the preliminary measured results suggest that the
basic functionality of waveform-tracking works properly. In
addition, the proposed WT-RX achieves a 2-dB improvement
in terms of ACR at 2 MHz offset per simulations. Therefore, it
provides a possibility of mitigating the trade-off between loop
delay and interference rejection in the PT-RXs with a more
sophisticated digital signal processing.
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