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Abstract—Improving interference robustness in ultralow
power (ULP) receivers (RXs) is a big challenge due to their low
power budget. This paper presents an envelope detector based
915 MHz 10 kb/s ULP RX, which is fabricated in 65 nm CMOS
process for wireless sensor networks and Internet of Things.
Two power-efficient techniques, transmitted-reference and shifted
limiter, are proposed to improve the interference robustness. The
RX sensitivity is between —61 and —76 dBm. The maximum
in-band signal-to-interference ratio at +1 MHz offset is up to
—50 dB while just consuming 175 uW power from a 1 V supply.

Index Terms— CMOS, envelope detector (ED), fast
synchronization, gain compression, interference robustness,
Internet of Things (IoT), linear range, low noise amplifiers (LNA),
probability density function (pdf), RF, shifted limiter (SL),
signal-to-interference ratio (SIR), spread-spectrum (SS),
transmitted-reference (TR), ultralow power (ULP) receiver (RX),
wireless sensor network (WSN).

I. INTRODUCTION

LTRALOW power (ULP) radios have received a lot of
Uattention recently, especially for short-range low-data
rate applications in wireless sensor networks (WSNs) and
Internet of Things. However, for radios to coexist with
the many wireless standards in the ISM bands (Bluetooth,
WLAN, ZigBee, and so on.), interference robustness of ULP
receivers (RXs) is a challenge in the limited power budget
(~100 uW) [1]. Several works [2]-[9] have been published
recently for the implementation of ULP RXs. Reference [2]
proposes a superheterodyne RX combined with a low-power
local oscillator (LO). However, the LO requires an external
inductor to achieve good phase noise to avoid reciprocal mix-
ing at low power, while nonlinearity and limited RF filtering
make it vulnerable to in-band interferers. To reduce the number
of external components, envelope detector (ED)-based RXs are
proposed [3]-[7]. However, their selectivity and linearity are
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Fig. 1. Transceiver architecture of a TR system.

poor if an external high-Q filter is not used. By sending two
narrowband signals, which are spaced by a small frequency
offset to the ED based RX [8], the problem can be partially
solved. This is because after the ED, the intermodulation
product from the two signals will locate at the frequency offset
instead of dc and will not overlap with the interferers except
for some specific interferer frequencies. However, to obtain
good sensitivity in such ED-based RXs, high gain low noise
amplifiers (LNA) are needed. Since these LNAs process the
entire frequency band, strong in-band interferers will quickly
saturate these LNAs, compressing the signal gain [4]-[8].
To break the tradeoff between power, sensitivity, and linearity,
while improving the interference robustness, we propose a
ULP RX that uses two techniques: transmitted-reference (TR)
modulation and shifted limiters (SLs) [9]. Compared with [9],
theoretical background is added in this paper, as well as circuit
details and new measurements are given.

The rest part of this paper is structured as follows.
Section II illustrates the basic concepts and principles of
TR and SL. Section III explains the circuit details of the
proposed RX, and the corresponding measurement results are
included in Section IV. Finally, the conclusions are drawn in
Section V.

II. IMPROVING INTERFERENCE ROBUSTNESS

This section presents the two main concepts that allow the
interference robustness of the RX: TR (Section II-A) and
SLs (Section II-B). The latter needs envelope tracking, which
is discussed in Section II-C.

A. Transmitted-Reference Modulation

Unlike narrowband modulation, spread-spectrum (SS)
modulation [10] can cope better with narrow interferers and
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Fig. 2. Frequency translation in the TR RX (a) without an in-band interferer
and (b) with an in-band interferer. The mirror frequencies after each mixing
stage are omitted for clearer visualization.

fading dips in the channel due to its frequency-independent
selectivity and wideband transmission. However, in the RX,
the spread sequence has to be locally generated as a
reference to synchronize the received signal, which will
take extra time [11], preventing the extreme duty-cycling
common in WSNs. To shorten the synchronization time,
TR [12] modulation is proposed, as shown in Fig. 1. The TX
output consists of the (upconverted) addition of two signals:
a spread sequence, and that same sequence, which is modu-
lated and shifted in frequency by Aw. The output signal from
this transmitter can thus be written as

Vrxout(t) = m(t) D(t) cos(wsigt) - cos(Awt)
+m(t) cos (wgjgt) (D

where m(t) is a pseudorandom sequence for SS modulation,
randomly switching between 1 and —1, satisfying m>(r) = 1.
D(t) is the desired data, wsig is the carrier frequency, and
Aw is a small frequency offset (<K sig/100). The phase
of the TX signal is irrelevant, as it will be autocorrelated
in the RX. The main difference with typical SS is that the
spread reference sequence is not generated in the RX but
included in the output signal of the transmitter, shifted by Aw.
If we neglect the propagation loss and noise from the wireless
channel, the RX input signal Vgrxin(¢) is equal to Vrxout(?),
and the spectrum is displayed in the left of Fig. 2(a). Then,
after the x2 ED, the signal Vsqout(f) is given by

1
Vsout(t) = ZDz(t)(l + 08 2wsigt) (1 + cos 2Awr)

1
+§(1 + cos 2wgigt)
+ D(t)(1 + cos 2awsigt) cos Awt. 2)

A practical ED will also contain higher order terms, but we
focus on the term around Aw, which is equal to D(t) cos Awt.
By mixing everything down to (Aw — wir) and filtering it by
the baseband filter, the output signal Vigoy(¢) is given by

1
ViFout (1) = ED(l) cos(Aw — o)t 3)
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where wir (< Aw) is the frequency of the LO at the intermediate
stage. Virout(?) is then demodulated in the baseband processor.
Now, when an interferer falls into the band of interest, the RX
input signal changes to

VRxin(t) = m(t) D(t)coswsigt - cos Awt + m(t) cos wsigt
+ Vine (1) cos wint 4)

where Vip(t) is the interferer amplitude and iy is the
frequency of interferer. Then, the output signal of the inter-
mediate stage is derived as [neglecting the frequency terms,
which can be rejected by the band-pass filter at (Aw — wir)]

1
WFout(t) = ED(t) cos(Aw — wrr)t

+ m(t) Vint (t) cos(@int — CUsig) - COS WIF!
{[D(t) cos Awt + 1]. )

The corresponding illustration in the frequency domain is
shown in Fig. 2(b). m(t) spreads out the interferer to a wider
frequency range, so most of the undesired power is rejected
by the band-pass filter, improving the signal-to-interference
ratio (SIR). When multiple interferers fall into the interested
band, the TR modulation will become less effective, because
after ED, the nonspread intermodulation tones between these
interferers could be very close to Aw. In the worst case,
if the frequency distance of two interferers is equal to exactly
Aw, their intermodulation product will be located at Aw,
severely degrading the SIR. The m(f) bandwidth is chosen
based on the knowledge that a wider spreading bandwidth can
enhance the interference robustness. However, the maximum
spreading bandwidth is limited by the available spectrum
and the power budget of the system. Regarding the choice
of Aw, a higher Aw will make the downconverted signal less
sensitive to flicker noise. The maximum A is limited both
by the available spectrum and by the coherence bandwidth
of the channel (the two frequency-shifted bands should see
the same channel in order to have sufficient correlation for
demodulation).

In summary, TR modulation has three advantages. First,
compared with narrowband modulation, it provides frequency-
independent selectivity to suppress in-band interferers and is
more robust to fading dips in the wireless channel. Second,
unlike general SS, since the synchronized reference is included
in the received signal, the synchronization can be instanta-
neous by using an ED. Hence, no start-up time is needed for
synchronization of the spreading sequence. Third, due to the
frequency offset Aw in the received signal, the desired data
are not downconverted to dc but to Aw (Fig. 2). This can help
to reduce the influence of dc offset and flicker noise.

B. Shifted Limiters

Since an ED is used to replace the LO for frequency down-
conversion, an LNA with considerable voltage gain (>40 dB)
is needed to obtain a decent noise figure (NF) [4]-[8]. This
is common in ED-based RXs, but it has the drawback that
when a strong interferer is present, it will move the RX chain
into compression and reduce the wanted signal gain. We take
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a strong interferer + wanted signal as the input
(6)

where Vint and Vg represent the interferer and desired signal
amplitudes, respectively, and the interferer frequency wipn is
close to the signal frequency wsjz. The LNA can roughly be
modeled as a constant linear gain G with clipping points
Vru and Vcjjp, assuming the gain is 0 below Vry and above
Velip, as shown in Fig. 3. Then, the transfer function can be
defined as

VIN = Vint Sin @inet + Vsig sin Wsigl, Vsig < Vint

VoD, VIN > Velip
vour = f("iN)=1Gs - (vin — V1),  VrH < VvIN < Vaip
0, viN < VrH.

@)

Then the conversion gains of interferer and signal are derived
as (see the Appendix)

1 T . .
Gint = f (Vint sin 62) sin 62d 6> (8)
T Vint J—x
Vclip
Gsig = Gg / PDFin (x)dx ©)]
V1H

where PDFgj, = 1/(7r(\/i%lt —x)V2) for —Vint < x < Ving
and = 0 for others, is the probability density function (pdf)
of a sinusoidal wave. Equation (8) shows that if Vg < Vint,
Gint can be approximated as the ratio between the fundamental
tone of the interferer output and its input counterpart. The
physical meaning of (9) is that since the biasing point x of
the LNA is varied by the sinusoidal amplitude of the interferer
(Vint sin winet), the effective small signal gain of the LNA will
be the normal small signal gain, weighted by the amplitude
probability density of the interferer. Hence, if the amplitude
pdf of the interferer is known, G can be calculated by (9).
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The above analysis is visualized in Fig. 4(a), which shows
the PDFgi, of Vi when the linear region of the LNA is
centered around the middle of Vjy. It can be seen that
since most of the signal power is presented in the interferer
peaks, the low value of PDF, will cause deterioration of
Ggig. To avoid this compression, the typical method is to
widen the linear range to cover the full PDFg,, but this
will increase the power consumption. In our case, instead
of increasing the linear range, we move it to one of the
interferer peaks [Fig. 4(b)]. Then the PDFg;, within the linear
range becomes higher, relaxing the compression of Ggg. In
contrast to extending the linear range, the proposed idea does
not consume much extra power, since the linear range in (7)
is not increased but just shifted by Vin(Vra = Vint), as
shown in Fig. 5. Moreover, after moving the linear range,
only the bottom part of voyr is clipped, while its top part
is away from Vpp, and hence can be amplified. Because of
this shifting of the linear range, we call this technique an
SL. The concept of this technique was first proposed in [13],
and it will introduce considerable intermodulation between the
frequency components of the input signal. Although this partly
contributes to the TR demodulation, it can also degrade the
system performance in specific situations, as we will see with
the SIR measurements in Section IV.

By using (7)-(9), we can theoretically analyze the influence
of Gg, Veip, and Vru on Ggig, Gint, and Ggig/Gs, as shown
in Fig. 6. Fig. 6(a) shows the normalized conversion gains
Gsig/Gs (Gint/Gs) as a function of Vi, in a (nonshifted)
limiter. As long as Viny < Vclip, Gsig and Giye are constant
and equal. When Vi > Vip, both Ggg and Giye are
compressed. However, the reduction of Ggjg is faster than
the reduction of Gijp, degrading the SIR. On the other hand,
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Fig. 6. (a) Conversion gain of a limiter. (b) Conversion gain of a shifted
limiter. (c) SIR improvement (Gyijg/Gint) by changing the threshold voltage
(VrH2 = 2VtH1). (d) SIR improvement for different values of Vry.
(e) Conversion gain of shifted limiter for different values of Gg.

if the middle of the linear range moves to Viy , the limiter is
changed to a shifted limiter [Fig. 6(b)]. Then, within the linear
range [V1H, Velipl, Gsig becomes larger than Giy, improving
the SIR. It is also interesting to investigate the relationship
between the SIR improvement (Gsig/ Gint) and Vry in the SL.
As shown in Fig. 6(c), when Vrg is changed from Vg to
Va2 (Vra2 = 2VrH1), the Gsig/ Gin at Veiip is improved from
7.8 to 11.9 dB while the related maximum Gy;g is reduced.
Since Vg has to be adjusted to ensure that Viy is always
in the middle of the linear range, the SL will have better SIR
improvement for a higher Vinc at the expense of Ggjg. The SIR
improvement for different values of Vry is shown in Fig. 6(d).
On the other hand, if Gg is reduced from 26 to 20 dB,
as shown in Fig. 6(e), Gsig and Gig/ Gint (at Veiip) will be
accordingly decreased by 6 and 3 dB, respectively. Hence,
we can conclude that by using the SL, a higher Ggs can
further improve the SIR and Gg;ig. This is completely different
from techniques that rely on linearization to be interferer
robust [14], [15], which require a small Gg.

C. SL for Interferers With Variant Envelopes

The above analysis is based on the assumption that
Vint = constant. However, when Vj,; is not constant, the SL
would be less effective due to the fact that the PDF of Vjy
becomes unknown. To cope with a varying Viy, an envelope
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tracking and adjusting (ETA) block is needed, which can
reshape the Viy¢ to a constant envelope before the interferer
reaches the SL. Fig. 7(a) shows the principle of the ETA in
time domain. The ETA removes the variation in Vi, and hence
changes the unknown pdf of Vi, to PDFg;,, which can be
handled by the SL. Fig. 7(b) illustrates the principle of the ETA
in the frequency domain. The variation of Viy is regarded as
an interferer sideband (Interf.2) around its fundamental tone
(Interf.1), and the distance between them is BWj,. Further,
the distance between the Interf.1 and signal is fs;. The ETA
is equivalent to an auto-gain-control block, whose specific
target is to remove the Interf.2 while keeping the signal and
Interf.1 unchanged. This can be achieved if the bandwidth of
the ETA (BWEgTa) meets

BWin < BWETA < fs1. (10)

Then, after the ETA, Interf.2 is greatly attenuated, resulting in
an interferer with constant Vi,, which can be suppressed by
the SL.

III. IMPLEMENTATION OF THE PROPOSED RECEIVER
A. Shifted Limiter

There are many possible ways to implement the SL.
One implementation is shown in Fig. 8(a), which is simply
a differential pair with current mirror load. We assume Vg
is very small and can be neglected, vy is the input signal
with amplitude ~ Viy, Vp is the output biasing voltage for
zero differential input to the differential pair, and voyr is the
total output signal. viy is applied to the gate of M| and a
dc voltage Vp is applied to the gate of M. Fig. 8(b) shows the
simulated dc characteristics. When Vp is 500 mV, the transfer
function (red) with respect to viy has a linear range, which
is limited by V_crip and Verrp and its slope is assumed to
be a constant —Gg. When Vp is increased by Viy (=0.1 V,
for instance), the linear range of the differential pair is shifted
away from viy = 500 mV, realizing the SL. Hence, the large
signal transfer function of the proposed SL can be ideally
defined as

Vs, vIN > Ve
vour=14 Vop — Gs - (vin — Vp), V_cup <viN < VeLp
Vb, VIN < V_cLip-

Y

Compared with (7), (11) has an inverse slope polarity of the
linear range and different dc levels of the clipping range.
Furthermore, in contrast to the initial transfer function (red),
the shifted one (blue) has a smaller linear range due to the fact
that the increment of Vp (= AV p) will increase Vg (= AVg).
Next, we would like to estimate the maximum output range
of the SL. Since for an SL, AV p = Vi, by considering (11)
and Fig. 8, the peak-to-peak value of voyrt will be

Vour_pp = VDD — Vb. (12)

Equation (12) defines the amplitude of the interferer at the
output of the proposed SL. It is clear that a higher Vp can
decrease the interferer amplitude. Also, the linear part between
Vp and Vg is not used for amplification if AV p is exactly
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the same as Viy. Fig. 8(c) shows the relationship between
simulated normalized conversion gains (AVp 0.1 V)
and Vjy. As we see, if AV p = Vjp, the SIR will be improved.
This result well matches the theoretic analysis in Fig. 6(b).
On the other hand, (12) is valid only when AVp = Viy.
In practical design, it is difficult to exactly obtain the envelope
information of a large signal. For example, if the mismatch
between AV p and Viy is 0 Vi, then (12) will be changed to

Vour pp = Vbbb — Vb + G50 Vint. (13)

Suppose 0 = 10%, Gg = 26 dB, and Vi, = 0.1 V, the
maximum output signal will be increased by 0.2 V. Then,
for a 1 V Vpp, the subsequent stage has to increase or
shift its linear range by more than 20% to cope with this
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proposed SL.

(a) Circuit detail of SL with feedback ETA control. (b) Compar-

10% mismatch. In the worst case, if GsdVin is higher than
Vp — Vg, the transfer function with respect to viy will become
a typical limiter, which will degrade the SIR. To obtain an
accurate AV p, one possible solution is a feedforward control
path [16], but this uses too much power. In this paper, we
design a feedback control loop [Fig. 9(a)], which consists of an
SL and an envelope tracker. The envelope tracker is composed
of an active diode Mg, which works in weak inversion and a
capacitor Cp filtering out the RF signal such that only the
positive envelope of viny remains. The functionality of the SL
can be realized if the closed-loop gain for the input envelope
(GcL AVp/Vin) is close to 1, and then AV p will be
equal to Viy, shifting the middle of the linear range of the
differential pair to the positive interferer peaks. By tuning the
biasing current IgT, gme (the transconductance of Mg) can
be set to adjust the bandwidth of the ETA loop (BWETa)-
To derive G¢L, we first know that the gate—source input volt-
age of Mg (ving) is (neglecting the small signal Vg sin wsigt)

viNe = VDD — Vp — Gs(GcLVing — Vinesin wjnet).  (14)
Then ipurte is represented as
ioute = Ip— exp [ X8
oute = 1o 12 p nVr
w Voo — Vb —GsGcerVint
=lp—exp| ——— Jexp| ———
L nVr nVr
G s VintSinwintt
X exp ( S VintSINWijnt ) (15)
nVr
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where Iy is a process-dependent current and W and L are
the width and length of Mg, respectively. n = 1.5 for weak
inversion and Vy = 26 mV at 300 K. We assume a sinusoidal
viNe here, although the actual waveform [see Fig. 8(a)] is
clipped. However, since ioyuTe is an exponential function with
respect to vyne, the contribution from the top half of vine
to iouTe 1s negligible, so we can still use this assumption.
The term exp(G s VineSinwint /nVr) in (15) can be expanded
to a Fourier series

: —GsGer Vint
ioute = Irexp Ve
GsVin) | ~ GsVint
A J + 2J . kwint
(O( nVr ) ; k nVr COS KWint

(16)

where I, = Ih(W/L)exp((Vbp — Vp)/nVr) and J, is the
nth-order modified Bessel function of the first kind. Due
to Cp, the high-order frequency components (k > 1) can be
neglected. Hence, (16) is approximated as

—GsGeLVi GsV;
sUcL 1nt) JO( S mt). (17)

nVr nVr
If GsVine/nVr =2, (17) can be approximated as [17]

(Gs Vine = GsGer Vim)

ioute ~ I exp (

I’lVT
27 G s Vint ’

ioute ~ Ir exp (18)

nVr
Since ioyuTte only contains the dc term, the loop will force it
to be equal to the bias current IggTt, S0 G¢r, can be written as

I GsV;
-ln( BIET 222 ““). (19)
t

I’lVT
Fig. 9(b) shows the comparison between the simulated and
calculated G ¢, for different values of Vi, and the error is less
than 5%. The deviation at low amplitudes is not a problem,
since the differential pair has sufficient linear range to handle
the difference. With (13) and (19), we can now calculate the
output interferer level

Vout_pp = Vbp — Vp + GsVint - (1 — GeL)

L Iser [27GsV
= nVp - Inf = BEL [ZEZSHint ) o)
w I() nVr

Equation (20) indicates that for a certain interferer ampli-
tude Vin, the proposed SL [Fig. 9(b)] can improve the
interference suppression by decreasing Iggt or Gs. However,
decreasing Iggt Will reduce BWETA, which will determine the
performance of the SL for AM interferers. Similarly, Gg;g is
proportional to Gs [Fig. 6(e)] and a large Gy is necessary
for good sensitivity [5]. Therefore, a tradeoff between G s and
BWETA should be carefully considered. Moreover, combining
(9) and (20), we can estimate the SIR improvement by
Vevip

2VinGs - Vecrip PDFin (x)dx

. L Iggr /27GsVin
oanVr ln<w 7o \/ ez )

where a is the ratio between the fundamental and total power
of the output interferer.

nVr

GeL=1-
GSVint

Gsig _
Gint

21
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Fig. 10. Schematics of the proposed RX.

B. Proposed Receiver Architecture

Fig. 10 shows the proposed RX front-end combing the TR
and SL techniques. The SL is slightly different from Fig. 9(a);
the differential-pair LNA is cascoded to reduce its output
capacitance for maintaining the voltage gain at RF frequency.
Multiple SLs are introduced to further improve the SIR in the
presence of a large interferer. When the interferer is weak,
single-ended linear LNAs with an active inductance load can
replace the SL to save power. Before the downconversion,
three RF paths (1-3) with different numbers of linear LNAs
and SLs are realized on the same chip and can be selected for
different interferer levels. Further, an input matching network
with an external SMD inductor provides ~12 dB passive
voltage gain. The small signal gain (Ggs) of each linear
LNA/SL is =10 dB, and each RF path contains four LNA/SL
stages, which provides ~40 dB Gs. Without an interferer, the
simulated NF of the RF paths (from before the input matching
network to before the ED) is around 12 dB. When an interferer
is added, RF paths 2 and 3 will reduce Ggig, as shown
in Fig. 6, and the NF will increase the magnitude depending
on Viy and Gg. For example, when RF path 3 handles a
—16 dBm in-band interferer at 5 MHz offset, the simulated
NF degrades to 22 dB. Additionally, the ED contributes to
the overall NF, and due to its self-mixing, this contribution
depends on the absolute signal level [S]. The RF path is
followed by an ED and a selection switch. The ED shown
in [5] is adopted in this paper; it works in weak inversion,
with an exponential V—I function. Compared with the ideal
squarer, its high even order terms also contribute to frequency
downconversion, increasing the conversion gain. After the ED,
the dc term is rejected by ac coupling and the signal is
downconverted to (Aw — wir) by an IF mixer stage consisting
of a transconductor and a current mode double balanced
passive mixer, and then further amplified and filtered by a first-
order filter. The gain of the IF mixer + filter is around 40 dB,
and the filter has a programmable bandwidth (10-100 kHz).
Typically, (Aw — wir) is chosen very low compared with Aw,
such that undesired products like 2Aw — wrr (see Fig. 2) are
sufficiently attenuated. In our measurements, for example, we
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SL chains composed of different types of SL to further improve

chose Aw = wirp = 27 x 1 MHz (zero IF), and the filter set
at 10 kHz bandwidth. Since the interferer has been greatly
suppressed by the SLs and the processing gain of the TR
[10-log(spread bandwidth/data rate) = 33 dB in our case]
before it is translated to the IF band, the phase noise perfor-
mance of the IF clock is practically insignificant. An external
crystal oscillator (for accuracy), which is not included in this
paper, can be used as the IF LO. The power consumption of
a 1 MHz crystal clock can be as low as 10 ¢ W [18].

The cascade of SLs in Path 2 and Path 3 in Fig. 10 poses
an extra challenge. The output of a single SL is clipped half
of the time to Vpp (see Fig. 8). A subsequent SL can only
adapt its linear range to the positive side of the signal, which
is the clipped part, containing no information. Therefore, the
SL chains in Paths 2 and 3 are realized with alternatingly
n-type and p-type SLs, as shown in Fig. 11.

Logic for switching between the paths is not included
in this paper, but could be based on simple clip detectors,
as explained in Section IV.

IV. MEASUREMENT RESULTS

The proposed RX was fabricated in a 65 nm CMOS
process. The micrograph is shown in Fig. 12 and the active
area is 0.225 mm?. The prototype is bonded to a 40-leads
QFN package, which is mounted on a PCB for measurement.

To measure the SIR improvement of the SLs, a two-tone
input is provided to the chip and Path 3 is selected as active
path. An on-chip test buffer with ~30 dB attenuation after
the final SL of Path 3 is used to output the RF signal
of the SL chain. The corresponding spectrums are shown
in Fig. 13. The desired signal is —61 dBm and is located at
915 MHz. The interferer is 45 dB larger than the desired signal
while the frequency distance between them is 5 MHz. Then,
after the input matching network, SL chain, and output buffer,
the SIR of the SL chain is improved by 35 dB. Meanwhile,
a strong IM3 arises at the output spectrum. This is caused by
the intermodulation between the signal and the interferer [19].
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Fig. 12.

Chip micrograph (1 x 1 mm).

Intuitively, such a strong IM3 will deteriorate the SIR of the
RX in the case the interferer is very close to the signal.
We will get back to this at the SIR measurements.

Fig. 14 shows measured performance of a single SL
(the first one in Path 3) for an AM interferer. The output
power spectrum of this SL is obtained by using another
on-chip test buffer (with ~18 dB attenuation). The related
input power spectrum is shown in Fig. 14(a). The frequency
distance (BWjy¢) between the fundamental tone (Interf.1) and
sideband (Interf.2) of the interferer is 400 kHz, while the
distance (fsy) between the signal and Interf.1 is 3 MHz.
The levels of signal, interf.1, and interf.2 are —56, —16,
and —46 dBm, respectively. In order to obtain a sinusoidal
PDF, the BWEgta has to meet (10). A narrow BWgta
(BWgTa < BWiy) will result in a spectral regrowth of the
interferers, while a wide BWgta (BWEgTA > fs1) Will remove
the desired signal, which is then regarded as a sideband
of Interf.1. Fig. 14(b) shows the output spectrum of the
SL for Iggr = 5 nA. The SIR between the signal and
Interf.1 is improved by 10 dB. However, the SIR between
the signal and interf.2 remains unchanged and some unde-
sired IM products arise. To avoid this spectral regrowth,
we increase Iggr to 50 nA, the related output spectrum
is shown in Fig. 14(c). Compared with Fig. 14(b), the IM
products disappear except for two dominating IM3s, and the
level difference between the Interf.2 and the signal is ~0.
However, the SIR between the signal and Interf.1 is reduced
by 5 dB. This can be understood by (20), which shows that
vout (= level of Interf.1) is proportional to Iggr. Fig. 14(d)
shows the relationships between the conversion gain of the
signal (Gsig), Interf.1 (Gint1), interf.2 (Gin2), and Iggt. Higher
values of Iggt will widen BWgra, and hence increase Gipgg
slowly and reduce Gsig and Gine simultaneously. However,
Gin is reduced more rapidly than Gyg;g, which is due to the
fact that the ETA loop is fast enough to track and reduce
Interf.2, while it is too slow to decrease the signal significantly.
Therefore, increasing BWgTta (/geT) can help to reduce the
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sidebands of an AM interferer. The price we have to pay for
a wider BWEgTa is a worse SIR improvement between the
signal and Interf.1. Given the uncertainty of the exact interferer
scenario, Iggr can be chosen as the result of a compromise
between these metrics.

The SIR of the whole TR RX for different Paths (1/2/3) is
measured and shown in Fig. 15. The TR signal is centered
at 915 MHz and generated by the testing equipment. The
data rate of the BPSK data is 10 kb/s, the symbol rate of the
spreading sequence m(¢) is 20 Mb/s, and the frequency offset
Aw is 2 x 1 MHz. The measured sensitivity varies between
—76 dBm for Path 1 (all LNA) and —61 dBm for Path 3
(all SL) with power consumption between 135 and 175 uW
from a 1 V supply. Compared with Path 1, the sensitivity

in Path 3 is reduced by 15 dB. This is due to the fact
that without the interferer, the desired signal is so small
that the input amplitude of each SL in Path 3 is dominated
by the wideband Gaussian noise from the prior stages. The
Gaussian pdf of the noise power is the highest around zero
amplitude. The ETA, however, moves the linear range in the
direction of the positive peak of the noise, compressing Gi;g.
The TR signal is combined with a sinusoidal interferer and
then sent to the proposed RX. As shown in Fig. 15(a), the
signal power is 3 dB higher than its sensitivity, and the
interferer frequency is swept in the band of interest. At each
interferer frequency, the SIR of the RX can be determined by
increasing the interferer power until the BER become worse
than 1073, The related measured result is shown in Fig. 15(b),
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TABLE I
PERFORMANCE COMPARISON OF THE STATE OF THE ART

ULP RX [2] [3] [5] [8] This work
Frequency (MHz) 2400 924 2000 915 915
Techniques for Dual-TF+N- Low-IF+Digital FBAR SAW Transmitted-
Interf. robustness Path bit length filter filter+Two-tones | Reference+Shifted Limiter
detection
EDRX | ADRX Path3 Path2 Pathl
Instant. Power 99 44 1300 52 63 121 175 150 135
W)
Sensitivity -92 -97 -87 -87 -72 -56 -83 -61 -70 -76
(dBm)
In-band SIR (dB)®
@-+/- IMHz N/A -3 N/A -60/02) N/A -19 -10.5 -50 -26 -8
(@-+/- 3MHz N/A | -22 N/A -5/-38% N/A -19 -10.5 -50 -26 -8
(@+/- SMHz N/A | -27 N/A N/A N/A -19 -10.5 -50 -27 -8
Data rate
(kbps) 50 | 10 1 50 100 10 10

(D: Worst value of positive/negative offsets from the centre frequency

): High SIR ratio (@+1MHz since interferer frequency = LO frequency.

®): Very a-symmetric SIR

rzzZaSpread ref.

S hreed s, g = 2TX915MHz

I Interf. Wint wint Swept from 2rx900 to
In
2nx920MHz;
g Aw = 2nx1MHz;
: Spread. bandw. = 20MHz;
m Data rate = 10kbps;

Aw Spreading bandwidth (

a)

915

S

914.5 915.5

In-band SIR (dB)

A
a5

a1 11

-55
914.4 9146 9148 915 9152 9154 9156
Interferer frequency (MHz)

In-band SIR (dB)

900 905 910 915 920 925 930
Interferer frequency (MHz)

(b)

Fig. 15. (a) Input signal for the SIR measurement of the proposed RX.
(b) Measured SIR of the proposed RX for different RF paths.

the SIR for Path 1/2/3 is —8/—26/—50 dB, and hence, the
advantage of the SLs can clearly be observed as the SIR
is improved by 42 dB from Path 1 to 3. The maximum
tolerated interferer power of the RX is up to —8 dBm, which is

limited by the input window of the first SL and determines the
maximum SIR. The SIR of the other paths is also limited by
compression. This is because the ED needs a rather strong
signal to be effective, so there is very little headroom for an
interferer. For example, the simulated 1 dB compression point
of path 1 is —63 dBm. This is very close to the measured
sensitivity (—76 dBm) +3 dB (used in the SIR measurement)
+8 dB (measured 1/SIR) = —65 dBm. Similarly for Path 2,
where the simulated 1 dB compression point after the two
LNA stages is —41 dBm, which is close to the mea-
sured sensitivity (—70 dBm) +3 dB +27 dB (measured 1/
SIR) = —40 dBm. As a consequence, as long as an interferer
does not compress a path, the SIR in this path is always
sufficient to get proper demodulation, and switching between
the paths can be based on simple clip detectors.

We also observe some worst case peaks at 914.5/915/
915.5 MHz in Path 2/3 (see the zoom-in view figure for
Path 3) despite using the TR modulation. As mentioned in
Section II-B, this is caused by intermodulation between the
signals and the interferer. When we model the third-order
intermodulation in the shifted limiter, we see that single
tone interferers at wgjz £ (0, (1/2) Aw, Aw, (3/2) Aw) produce
nonspread intermodulation products at Aw after the ED.
In the measurements, we see that only the BER at spac-
ing 0 and (1/2)Aw is compromised. We hypothesize that the
intermodulation products at the other spacings are insufficient
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Fig. 16. Measured relationship between the in-band SIR and the interferer

symbol rate in path for /ggT = 2.5 and 75 nA, respectively.

to ruin the BER, because the magnitude of these products
decreases as they get further from the signal frequency, but
this should be further investigated.

Fig. 16 shows the relationship between the SIR and the
interferer symbol rate in Path 3. First of all, an ASK-modulated
interferer (50% modulation depth and 920 MHz center fre-
quency) is used to replace the sinusoidal one in the previous
setup, and the signal center frequency is still 915 MHz.
As we expect, for a narrow ETAgw (Iggr = 2.5 nA), the SIR
is deteriorated when the interferer symbol rate is increased.
As a comparison, for a wider ETAgw (Iggr = 75 nA),
the SIR is effectively improved. Later, a GMSK-modulated
interferer (920 MHz center frequency) is adopted. Since the
GMSK-modulated interferer has a constant envelope (PDFg;p),
the related SIR is as good as the one using a sinusoidal
interferer (—50 dB) even though the ETApw is very narrow
(Iggtr = 2.5 nA). Thus, because of the TR and SL, our
proposed RX is robust to interferers with constant or slow-
varying envelopes, so the performance will deteriorate for
wideband interferers or multiple widely spaced strong interfer-
ers, which cannot meet the restriction in (10). Compared with
the ED-based [8] (low power setting) and superheterodyne
RXs [2], our in-band SIR at +1/3/5 MHz offset is improved
by 31/31/31 and 47/28/23 dB, respectively, although the power
consumption is three and two times higher. Sensitivity is 5 dB
better than [8] and 36 dB worse than [2]. The performance
comparison between this paper and other state of the arts is
summarized in Table I.

V. CONCLUSION

This paper presents a 175 ¢W 915 MHz 10 kb/s RX for
WSN applications. TR modulation is introduced to enhance
interference and fading robustness and reach fast synchroniza-
tion. To further improve the interference robustness, the SL is
proposed. Compared with the RX using TR modulation only
(Path 1), the RX using both TR and SL (Path 3) can improve
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the in-band SIR (at =1 MHz offset) by 42 dB, while the
corresponding power consumption is just increased by 40 u'W.
Interference robustness of the SL is limited by the speed of the
ETA loop, which can track AM interferers up to a bandwidth
of approximately 1 MHz. Due to its low power, moderate
sensitivity, and high selectivity, the proposed RX is suitable for
low-power short-range communications in bands with severe
narrowband interference.

APPENDIX
The conversion gain of the signal (G;g) and interferer (Gint)
can be derived by using the double-Fourier series [20], which
are given below

1 T . .
272 Vew // f (Vsigsin 01 + Vin sin 62)
Sig -
x sin 01d61d6»

1 T . .
222V / f (Vsig sin 0y + Vine sin 62)
int —r

x sin ,d61d6»

Gag =
(A.1)
Gint =
(A2)

where 0] = wgigt and 0 = wjnet. Therefore, the SIR changing
(= Gisig/Gint) of the LNA can be estimated if its transfer
function is known. What is more, if Vg is close to 0,
(A.1) and (A.2) can be approximated as

1 T )
Gsig = 5— f' (Ving sin 62)d6> (A.3)
27 J_,
1 T
Gint = / f (Vint sin 8) sin 6,d6,. (A.4)
s Vint -7

Using x to replace Viy sinéh, (A.3) can be modified to

1 Vint , . X
2 Jv ! wa (s (5.))
vint /
= / RIS (A.5)

Vint LRY Vnzn —x?

where 1/(7t(Vi%lt — x%)1/2) is the PDF of a sinusoidal wave
with amplitude Vi, (PDFgip). Equation (A.5) shows that the
effective signal conversion gain is not only depending on
the interferer amplitude, but also the transfer function f(x).
Particularly, with the conditions in (7), we assumed f'(x) =0
outside the linear range and f'(x) = G within the linear
range, and thus the integral interval in (A.5) will be changed
to the linear range. Finally, we have

Gsig =

Velip
Gsig = Gg / PDFin (x)dx. (A.6)
\%

TH
In the same way, the conversion gain of a differential
shifted limiter could be calculated, in which case the integral
intervals should be separated into two parts, which are from
—WVelip to —Vr and from Vg to Veip, respectively.
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