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(57) Abstract: Circuit for wake-up receivers are provide. In some embodiments, the wake-up receivers include self-mixers that receive
a gate bias voltage. Some of the self-mixers are single ended and some are differential. In some embodiments, the wake-up receivers
include a matching network that is connected to the input of the self-mixer. In some embodiments, the wake-up receivers include a low
frequency path connected to the output of the self-mixer. In some embodiments, the wake-up receivers include a high frequency path
connected to the output of the self-mixer. In some embodiments, the wake-up receivers are configured to receive an encoded bit stream.
In some embodiments, the wake-up receivers are configured to wake-up another receiver.

[Continued on next page]



WO 2020/142792 A | [IN 0]} 00 D000 0O

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2020/142792 PCT/US2020/012439

CIRCUITS AND METHODS FOR WAKE-UP RECEIVERS

Cross Reference to Related Application

[0001] This application claims the benefit on United States Provisional Patent Application
No. 62/788,657, filed January 4, 2019, which is hereby incorporated by reference herein in its

entirety.

Statement Regarding Government Funded Research

[0002] This invention was made with government support under 1309721 awarded by the

National Science Foundation. The government has certain rights in the invention.

Background

[0003] In many energy-limited wireless communications applications, it is desirable for
receivers to operate in a deep sleep mode when inactive to prolong lifetime on available power
(e.g., such as power stored in a connected battery or other power source (e.g., a capacitor)).
[0004] One technique that can be used to enable the receivers to timely receive asynchronous
communications is to use a first always ON (or almost always ON) (when in deep sleep mode)
low-power receiver to receive a wake-up signal and, in response, turn ON a second main
receiver. Such first receivers can be referred to herein as wake-up receivers.

[0005] Accordingly, new mechanisms for wake-up receivers are desirable.
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Summary

[0006] In accordance with some embodiments, circuits and methods for wake-up receivers
are provided. In some embodiments, circuits for wake-up receivers are provided, the circuits
comprising: a first self-mixer stage comprising: a first NMOS transistor having a source, a drain,
and a gate; a second NMOS transistor having a source, a drain, and a gate, wherein the drain of
the second NMOS transistor is connected to the drain of the first NMOS transistor; a first PMOS
transistor having a source, a drain, and a gate, wherein the source of the first PMOS transistor is
connected to the source of the first NMOS transistor; a second PMOS transistor having a source,
a drain, and a gate, wherein the drain of the second PMOS transistor is connected to the drain of
the first PMOS transistor, and the source of the second PMOS transistor is connected to the
source of the second NMOS transistor; a first resistor having a first side connected to the gate of
the first NMOS transistor and having a second side connected to a first gate bias voltage; a
second resistor having a first side connected to the gate of the first PMOS transistor and having a
second side connected to a second gate bias voltage; a third resistor having a first side connected
to the gate of the second NMOS transistor and having a second side connected to the first gate
bias voltage; a fourth resistor having a first side connected to the gate of the second PMOS
transistor and having a second side connected to the second gate bias voltage; a first coupling
capacitor having a first side connected to a first radio frequency (RF) input signal and having a
second side connected to the gate of the first NMOS transistor; a second coupling capacitor
having a first side connected to the first RF input signal and having a second side connected to
the gate of the first PMOS transistor; a third coupling capacitor having a first side connected to a

second RF input signal and having a second side connected to the gate of the second NMOS
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transistor; and a fourth coupling capacitor having a first side connected to the second RF input

signal and having a second side connected to the gate of the second PMOS transistor.

Brief Description of the Drawings

[0007] Various objects, features, and advantages of the disclosed subject matter can be more
fully appreciated with reference to the following detailed description of the disclosed subject
matter when considered in connection with the following drawings, in which like reference
numerals identify like elements.

[0008] FIG. 1 is an example of a single transistor self-mixer in accordance with some
embodiments.

[0009] FIG. 2A is an example of an equivalent small-signal model of the circuit in FIG. 1 at
an RF input frequency in accordance with some embodiments.

[0010] FIG. 2B is an example of an equivalent small-signal model of the circuit in FIG. 1 at
a baseband frequency in accordance with some embodiments.

[0011] FIG. 3 is an example of a small signal model for ideal wake-up receiver front end in
accordance with some embodiments.

[0012] FIG. 4 is an example of a graph showing that the input resistance R;,.s and input
capacitance Ci,eq of a self-mixer can be changed by changing V' pin accordance with some
embodiments.

[0013] FIG. 5 is an example of a graph showing that varying V' 5 between 0.0 VDC and 0.3
VDC results in almost the same output from a self-mixer in accordance with some embodiments.
[0014] FIG. 6A is an example of a single-ended multi-transistor self-mixer in accordance

with some embodiments.



WO 2020/142792 PCT/US2020/012439

[0015] FIG. 6B is an example of the operation of a transistor of the single-ended multi-
transistor self-mixer of FIG. 6A when in a first configuration in accordance with some
embodiments.

[0016] FIG. 6C is an example of the operation of a transistor of the single-ended multi-
transistor self-mixer of FIG. 6A when in a second configuration in accordance with some
embodiments.

[0017] FIG. 7A is an example of a small-signal model at RF of the circuit in FIG. 6A in
accordance with some embodiments.

[0018] FIG. 7B is an example of a small-signal models at baseband frequency of the circuit
in FIG. 6A in accordance with some embodiments.

[0019] FIG. 8 is an example of a one-transistor, differential self-mixer in accordance with
some embodiments.

[0020] FIG. 9 is an example of an equivalent small-signal model at baseband of the circuit of
FIG. 8 in accordance with some embodiments.

[0021] FIG. 10 is an example of a complete stage of a differential self-mixer combining a
PMOS transistor pair and an NMOS transistor pair in accordance with some embodiments.
[0022] FIG. 11 is an example of a small-signal equivalent model of the circuit in FIG. 10 in
accordance with some embodiments.

[0023] FIG. 12 is an example of a differential multi-stage self-mixer in accordance with
some embodiments.

[0024] FIG. 13 is an example of a bias generator in accordance with some embodiments.
[0025] FIG. 14 is an example of a wake-up receiver architecture in accordance with some

embodiments.
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[0026] FIG. 15 is an example of an implementation of a self-mixer and a baseband amplifier
in accordance with some embodiments.

[0027] FIG. 16 is an example of a detailed schematic of a wake-up receiver in accordance
with some embodiments.

[0028] FIG. 17 is an example of a timing diagram in accordance with some embodiments.
[0029] FIG. 18 is an example of a multi-domain model of a wake-up receiver in accordance
with some embodiments.

[0030] FIG. 19 is an example of a receiver having a low frequency path and a high frequency
path that can be used to account for an interferer in accordance with some embodiments.

[0031] FIG. 20 is an example of a diagram illustrating how an interferer impacts a receiver
having a self-mixer in accordance with some embodiments.

[0032] FIG. 21 is an example of another diagram illustrating how an interferer impacts a
receiver having a self-mixer in accordance with some embodiments.

[0033] FIG. 22 is an example of a drawing showing how a transmitted signal can be
impacted by an interferer in a receiver in accordance with some embodiments.

[0034] FIG. 23 is an example of an architecture for a self-mixer, a low-frequency path, and a
high-frequency path of a wake-up receiver in accordance with some embodiments.

[0035] FIG. 24 is an example of an amplifier in accordance with some embodiments.

[0036] FIG. 25 is an example of a low-pass filter in accordance with some embodiments.
[0037] FIG. 26 is an example of a high-pass filter in accordance with some embodiments.
[0038] FIG. 27 is an example of an architecture for a wake-up receive that can account for

multiple interferers in accordance with some embodiments.
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Detailed Description

[0039] As shown in FIG. 1, in accordance with some embodiments, a gate-biased self-mixer
100 is provided. As illustrated, self-mixer 100 includes an NMOS FET 102, an AC coupling
capacitor Cc 104, a load capacitor (7 106, and a bias resistor 108 in some embodiments.

[0040] During operation, in some embodiments, a DC gate bias potential, Vs 5, is provided
at the gate of NMOS FET 100 via resistor 108 from terminal 110. This gate bias potential
slightly forward biases the channel of NMOS FET 100, while still operating the transistor in the
weak-inversion, linear region in some embodiments. The input signal, Veain, 1s provided to self-
mixer 100 at terminal 112, and an output signal, Vea, 13 sensed from self-mixer 100 at terminal
114, in some embodiments.

[0041] FIG. 2A shows an example equivalent small-signal model 200 of the circuit in FIG. 1
at an RF input frequency, assuming capacitors Cc 104 and (7 106 are sufficiently large to act as
shorts at the operating radio frequency (RF).

[0042] FIG. 2B shows an example equivalent small-signal model 250 of the circuit in FIG. 1
at a baseband frequency, assuming capacitors Cc 104 and Cr 106 are sufficiently small to act as
opens at the baseband frequency.

[0043] In some embodiments, self-mixer 100 (and other self-mixers as described herein) can
be used to implement an energy detector.

[0044] FIG. 3 shows an example 300 of a small signal model for ideal receiver front end
including an antenna 302, a matching network 304, and an energy detector 306. In this figure,
antenna 302 is represented as a voltage source with a source resistance Rs of 50Q and is matched
to energy detector 306 using matching network 304, which has a passive gain A4, at frequency f,1.
Energy detector 306 has an input resistance Rixq, an input capacitance Ci, and a conversion gain

constant k.s. The passive gain A, of the matching network causes Veain to equal VinA4y». The

6
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passive gain 4, from matching network 304 at an angular frequency wrr =27 fr can be written

as:
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wherein Oina s the quality factor of inductance Li»s of matching network 304. As can be seen

] =

from this equation, reducing the size of Ci, can be used to increase the size of 4,, in some
embodiments. Thus, a minimal C;, may be desirable in some embodiments.

[0045] In some embodiments, it is desirable to provide an input resistance Rin s having a
given value R, opr that optimizes the sensitivity of energy detector 306. In some embodiments,
Rinop can be calculated as follows: Rinopr = Oind/wrrCin. For example, for a Qing of 80, and a Ciy
of 1pF at a wrr of 434MHz, R;s 0 (and thus Riyeq) can have a value of 30kQ, in some
embodiments.

[0046] In some embodiments, the input capacitance C;, for self-mixer 100 may be
dominated by the gate-to-source capacitance ¢ of transistor 102. Using a minimum-sized
transistor for transistor 102 can keep Ci, low. For example, in some embodiments, a transistor
with a width W of 1 um and a length of 60 nm may only contribute a capacitance of 1 fF.
[0047] As shown in FIG. 4, an example of a graph 400 showing that the input resistance
Rinea (o1 75 as shown in FIG. 2) (shown by line 402) and input capacitance Cineqs (Which may be
dominated by cgs as described above) (shown by line 404) of self-mixer 100 can be changed by
changing Vs p, in accordance with some embodiments. The particular values shown in FIG. 4
are for an example one-stage self-mixer including a single transistor with a channel width (W) of

1 um and a channel length (L) of 60 nm in a 65 nm LP CMOS process. Other values may be
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realized in some embodiments. In some embodiments, Ri, s can be a function of various

parameters as follows:

_ Vi Vol iy
R('S’E..,{»-(f =F, = = ——y ¥ t-*'_}-g.-’\fﬁ‘t',.-

K LW
wherein J; (which is equal to k377q) is the thermal voltage of transistor 102, k5 is the Boltzmann
constant, 7'is absolute temperature of transistor 102, g is elementary charge, K equals Is(W/L), Is
is the saturation current of transistor 102, and # is the subthreshold-slope coefficient.
[0048] Turning to FIG. 5, an example of a graph 500 showing that varying }'c  between 0.0
VDC and 0.3 VDC results in almost the same output (for a S mV peak RF input) (as shown by
line 502) from self-mixer 100. Thus, Vs 5 can be varied in this range to change the input
resistance Reain Of self-mixer 100 (as shown by line 402 of FIG. 4) without changing the input
capacitance (C;) or gain of self-mixer 100 (as shown by line 504 of FIG. 5), in some
embodiments.
[0049] Since the transistor is operating in the weak-inversion, linear region between 0.0
VDC and 0.3 VDC, the power spectral density (PSD) of the output noise of the self-mixer can be
written as 4kpTRoureq, Where Rousea 18 equal to the channel resistance 7, for a one-stage self-mixer,
such as self-mixer 100. FIG. 5 also shows an exponential drop in PSD at 100Hz for self-mixer
100 with increasing Vs p, demonstrating the direct dependence of PSD on the channel resistance
Fo.
[0050] Therefore, by increasing Vs p within the weak-inversion, linear region, the self-mixer
noise contribution at baseband can be reduced while keeping the conversion gain constant (or
nearly constant) and the input capacitance low in order to maximize the signal-to-noise ratio

(SNR) at the output of the self-mixer.
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[0051] In some embodiments, further sensitivity enhancement can be achieved by increasing
the conversion gain constant 4. for the self-mixer.

[0052] Turning to FIG. 6A, an example 600 of a single-ended multi-transistor self-mixer in
accordance with some embodiments is illustrated. As shown, self-mixer 600 includes NMOS
FETs 602, 604, 606, and 608, coupling capacitors 610, 612, and 614, load capacitors 616 and
618, and a bias resistor 620.

[0053] Like self-mixer 100, during operation, a gate bias potential V' p is provided to the
gates of each of transistors 602, 604, 606, and 608 via terminal 622 and resistor 620 (transistors
602 and 606 only). An input signal Veain is provided to self-mixer 600 at terminal 624 and an
output signal Veqo s sensed from self-mixer 600 at terminal 626.

[0054] In accordance with some embodiments, transistors 602, 604, 606, and 608 of self-
mixer 600 form a cascade of transistors each operating in one of two different configurations.
More particularly, in some embodiments: transistors 604 and 608 operate in a first configuration
in which an RF signal Veain 1s AC coupled at the drains of the transistors; and transistors 602 and
606 operate in a second configuration in which the RF signal Veain is AC coupled at the sources
and the gates of the transistors 602 and 606.

[0055] When transistors 604 and 608 are operating in the first configuration, they operate as
shown in FIG. 6B in some embodiments. More particularly, in some embodiments, assuming a
baseband drain-to-source potential generated as Veao: Ver = Vi 5, Vo = 0; and Vap = VeaintVeao,
and assuming coupling capacitor Cc is open at baseband, equating the baseband current to zero
gives:

(Ve in)2
Veao = Zd_Vt = Kea1 (Vedin)2
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[0056] When transistors 602 and 606 are operating in the second configuration, they operate
as shown in FIG. 6C in some embodiments. More particularly, in some embodiments, assuming
a baseband drain-to-source potential generated as Vedo: Vor = VG B+ Vedin, Vb = Vedin - Vedo, and

Var = 0, and assuming coupling capacitor Cc is open at baseband, equating the baseband current

to zero gives:

(Z—TL)(Ve in)2
Vedo,lt = Tth =kea1 (Vedin)2

[0057] When the transistors in these two configurations are cascaded to form a multistage

self-mixer as shown in FIG. 6A, on average, the output of each stage at baseband can be written

as:
2
vV — Vedin
edo 20V,

[0058] FIGS. 7A and 7B show examples of small-signal models at RF and baseband
frequency, respectively, of the circuit in FIG. 6A, in accordance with some embodiments.
[0059] As shown in FIG. 7A, multiple stages appear in parallel at RF, thus the input
resistance of the 4-stage self-mixer of FIG. 6A at RF is 41r/4 or 1o.

[0060] As shown in FIG. 7B, the model does not have multi-stage closed loops at

baseband, therefore the loading is capacitive. For N-stages the baseband output is:

ay { *'?ez-se’st‘f;} -

Fit‘“{i“ 1‘ .-:-‘c‘\v}:qf} = ‘:\ f
A xi}’t’-‘t"g

where the conversion constant k. is N/(2nV;). Multiple stages appear in series at baseband, thus

the output resistance is N-7%; therefore Rouzeq equals N*Rineq. The output noise PSD in the signal

bandwidth of interest is then PSD,y s equals 4kgTN*Rip ca.

10
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[0061] Turning to FIG. 8, an example 800 of a one-transistor, differential self-mixer in
accordance with some embodiments is shown. As illustrated, self-mixer 800 includes NMOS
FET T1 802, coupling capacitors Cc 804 and 806, and bias resistor R1 808.

[0062] In some embodiments, during operation of one-transistor, differential self-mixer 800:
the drain of T1 is grounded; the coupling capacitors Cc are assumed to act as shorts at RF and
opens at baseband; the source is floating (so the source has the same DC potential as the drain);
the DC bias at the gate of T1 is Vi gy, and RF signals Vir= Veain/2 and -V,r= -Veain/2 are AC
coupled to the gate and the source of T1, respectively.

[0063] Assuming that the baseband signal generated across drain and source due to second-
order non-linearity is small, Ve = Vi 5+ Vir, Vb = Vedo, 1t - Vif, and Vap = 0 in some embodiments.

For small V,;, using the Taylor series expansion and neglecting higher order terms:

-

! _“ e fi?r'.?’il:“i{ i . v Y
LE:K(—;*T_;}+ﬁ(ﬁ#
\ "’.? L k i d

-

4+ R

2n

A

where:
K = [{W/L)e Vo_mw /(i)
[0064] This leads to the equivalent small-signal model at baseband shown in FIG. 9. The

first term is proportional to the drain-to-source potential /z — Vi and can be represented as a

resistor 1o as follows:

V.

B

- Ve L Vg g {0V

——¢

K LW

’r.{l =

The second term can be represented as an Zz current source:

11
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[0065] FIG. 10 shows an example 1000 of a complete stage of a differential self-mixer
combining a PMOS transistor pair (T3, T4) and an NMOS transistor pair (T1, T2) in accordance
with some embodiments. A common-mode voltage /caris provided at the drains of T3 and T4.
The corresponding gate bias voltage for PMOS transistors T3 and T4 is Vi sp. In the presence of
an RF signal, a drain-to-source potential is generated across all transistors. Because the current
polarities for PMOS transistors and NMOS transistors are opposite, the voltages across T3 and

T1 get added and the observed output potential across 1-stage at baseband can be written as:
{Veetin 3 -

b

24+ n

4p

= N

N

1 somm g T
Vo K edf b ecfin

[0066] FIG. 11 illustrates and example of a small-signal equivalent model of the circuit in
FIG. 10 in accordance with some embodiments.

[0067] The self-mixer stages of FIG. 10 can be cascaded into a differential multi-stage self-
mixer, in some embodiments. For example, in some embodiments, a differential multi-stage
self-mixer can be implemented as shown in FIG. 12.

[0068] In some embodiments, the cascading stages in FIG. 12 are configured to not form any
closed loops, hence the load created by the stages is capacitive. A common-mode potential /car
can be provided at the drain of the middle stage in FIG. 12 in some embodiments. For N-stages,

the conversion equation for self-mixer be represented as follows in some embodiments:

-

{ Voutin } B
Vi

2+ a

4

=~

Bk :
12 = K VT =iy
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and the conversion constant k.. for the N-stage self-mixer can represented as follows in some
embodiments: N(2+n)/4n};.

[0069] The N stages appear in parallel at RF and in series at baseband in some embodiments.
Hence, the differential input resistance at RF is Ri» = /N, while the differential output resistance
at baseband is Rour = Nro, and thus Rou: = N°Rin. The output noise variance of the self-mixer is
then:

&

g oo
VAN ST

= 4Ky TN Riy BWpss

2

wherein Kg is the Boltzmann constant and BWgs is the baseband bandwidth of the input signal.
[0070] As shown in FIG. 13, in accordance with some embodiments, the bias potentials

Vs v and V5 pp for biasing the self-mixer transistors T1, T2, T3 and T4 can be generated by
comparing a replica of these transistors with a 10 MQ poly-resistor (illustrated in FIG. 13 as two
5 MQ resistors) used in a 2 nA PTAT (proportional to absolute temperature) current reference
circuit. This PTAT current reference circuit biases transistors T9 and T10 to set the desired
resistance. The generated DC potentials /5 zv and /5 sp for NMOS and PMOS, respectively,
set the resistance of T1, T2, T3, and T4. This current-controlled biasing technique makes the
self-mixer resilient to process and temperature variations.

[0071] The signal-to-noise ratio at the output of the self-mixer is:

2+ n

da

]

BN A Y )

= %ﬂt }!_3 _ Rg

TURT ity
R A g“i f...

TATIY e
‘.Si\‘\}\g}:’:_'f{.’ -

[0072] Both signal power and noise power increases in proportion to N>, Thus, the SNR is

independent of the number of stages used. Therefore, an increased number of stages does not

13
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improve sensitivity. However, it does provide an additional baseband gain which helps in
reducing the power consumption of the baseband circuits.

[0073] The output signal is proportional to N, therefore, multiple stages can be treated as
providing passive gain before the baseband in some embodiments. This passive gain relaxes the
noise requirements and reduces the active power consumption of the baseband circuits in some
embodiments.

[0074] With increasing number of self-mixer stages, the provided bandwidth decreases. The
self-mixer can be treated as an RC transmission line, where the resistance Ry = Rinea'N and the
capacitance Cx = Cc. The step input to output transfer function for a transmission line with an
open circuit load is the error function:

Pwr T

- ANVRCo
V<::’{frjs{.3:) = VadotF § —
2N

i

[0075] Thus, the equivalent bandwidth is 0.46/(N*R«Cr). With increasing number of stages,
the available baseband bandwidth reduces.

[0076] Turning to FIG. 14, an example 1400 of a wake-up receiver architecture in
accordance with some embodiments is shown. As illustrated, architecture 1400 includes an
antenna 1402, a matching network 1404, a 40-stage self-mixer 1406, a current-reuse inverter-
based voltage amplifier 1408, a matched filter 1412, a comparator 1414, a correlator 1416, a
clock source 1418, and a digital control circuit 1420.

[0077] In some embodiments, architecture 1400 is configured to detect an 11-bit wake-up
code that is on-off-key (OOK) modulated at data-rate fpara of 100 bps on an RF carrier.

[0078] In architecture 1400, time-encoded clocked integration using clock-triggered voltage-

controlled delay lines (VCDL) can be used to implement a matched filter for the rectangular-bit

14
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shape to reduce baseband noise. The outputs of the VCDLs can then be compared using a phase-
frequency detector (PFD). PFD UP/DOWN output pulses from the PFD can then drive a Set-
Reset latch in comparator 1414. This effectively implements a comparator or a 1-bit ADC for
the time-encoded signal. The comparator can be clocked at a sampling rate fs =2 fpara to
effect 2x oversampling. The PFD output pulses can also be fed back to the self-mixer reference
node via a charge pump in 1410. This creates a first order, low bandwidth, delay-locked loop to
reject DC signals due to any DC offsets introduced by the baseband signal processing circuits or
due to a continuous-wave interferer at the receiver input (as described below in connection with
FIGS. 19 and 20).

[0079] To better understand how a self-mixer's design impacts a receiver front end that
incorporates the self-mixer, assume that a received RF input signal, V;,(7), is an amplitude
modulated signal at a carrier frequency frr and is incident on an antenna of the receiver with a
radiation resistance As. The root-mean squared (RMS) voltage signal at the antenna is VifLR Ms =
P, Rs wherein Z, s the received signal power. An L-C matching network of the receiver then
amplifies this voltage with a passive voltage gain Av = Veain/Vin. This Av depends on the load
resistance Rined and the capacitance Cin of the self-mixer. Cix may be a combination of the
capacitances from any off-chip inductor (in the matching network), packaging, bond-wire(s), an
on-chip electrostatic discharge (ESD) circuit, the self-mixer, and/or any other connected
components in some embodiments. Assuming that an inductor with value Ling =~ 1/(w3pCin)
with a self-resonance frequency much higher than wrr/(27) and a quality factor Qing 18 used in
the matching network, an optimal Rined may be Rined = Qind/(wrrCin) in some embodiments. For

example, in some embodiments, for a Qing of 80 and a capacitance Ciy of 1pF at 434 MHz, an
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optimal Rineq for the self-mixer may be 30kQ. The passive gain from the matching network may

thenbe A4, = m in some embodiments.

[0080] In accordance with some embodiments, the conversion gain constant keq of a self-
mixer can be N/(2nV+), and the output noise PSD of a self-mixer can be written as PSDynedo =
4ksTN?Rined.

[0081] In some embodiments, the receiver sensitivity for a continuous-wave RF input signal
as a function of self-mixer Rined, matching network Av, baseband noise-figure NF, required SN

Rrq and baseband sampling rate fs can be:
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[0082] FIG. 15 shows an example implementation of a self-mixer and a baseband amplifier
in accordance with some embodiments. Although specific size components and types of
components are described in connection with FIG. 15, it should be apparent that other suitable
size components and types of components can be used in some embodiments.

[0083] As illustrated in FIG. 15, the source of the self-mixer, Veprer, is floating and
connected to a 20pF capacitor that is driven by a charge pump; this creates a DC feedback loop.
The output of the self-mixer, Ved sbo, 1s connected to the baseband-amplifier NMOS transistor
Ma1. The self-mixer operates in the linear region, and the DC gate potential of M a1 is the same
as DC potential at Veprer.

[0084] The DC gate bias V¢ 5 of the self-mixer leads to a gate-to-drain leakage current. If
uncompensated, this current could increase the potential Veprer, negating the effect of gate-

biasing. FIG. 15 shows a leakage-compensation circuit in which a replica self-mixer (without C¢
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and C1) 1s used to sense the leakage current using transistor My; this current is mirrored to M1
and compensates for the leakage in the self-mixer. A varying Veprer can change the leakage
current. In order to address this, an operational amplifier in the leakage-compensation circuit
controls the current mirror using a replica self-mixer circuit to compensate for the leakage so that
the DC potential at Veprer is fixed.

[0085] FIG. 15 also shows a biasing circuit that can be used to generate V¢ g and Vrgs Bias in
some embodiments. As shown, the biasing circuit includes a replica M a» of the NMOS transistor
Ma1. The biasing circuit also includes a series of 40 self-mixer replica transistors, wherein each
of the 40 replica transistors is the same size as a corresponding transistor in the 40-stage self-
mixer to keep track of the threshold variations. This is operated as a source follower with a drain
current source of Isias rRect. The current source Isias amp sets the gate-to-source potential for
Ma>. The current source Isias rect sets the potential Vg 8. This current-controlled biasing
technique makes the self-mixer resilient to voltage and process variations.

[0086] Transistor MR is biased as a resistor for AC-coupling the RF signal in the self-mixer.
A replica transistor Mr3 is used to generate the bias potential Vrgs Bias for setting the resistance
of Mr>.

[0087] FIG. 16 shows a more detailed schematic of a wake-up receiver in accordance with
some embodiments. Although specific size components and types of components are described
in connection with FIG. 16, it should be apparent that other suitable size components and types
of components can be used in some embodiments.

[0088] In some embodiments, the receiver shown in FIG. 16 can be implemented to operate

at any suitable frequency. For example, in some embodiments, receiver(s) can be implemented
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to operate at 151.25 MHz, 434.4 MHz and/or 1.016 GHz using the matching network design in

FIG. 16 with the component values below:

Y

Frequency Lind Inductor Details C1

151.25 MHz 1 uH 26 AWG Cu 13 turns 30pF

:"Zi'é'i'ﬁ"i{ﬁi'z" """"""""""""""""" 111nH 132-10SM Coileraft l4pF
1016GHz27nHO908-SQCo11craft .... gy g

*Note: The Q-factor of the capacitors degrades with increasing frequency. Thus, for the 1.016
GHz implementation, a matching network with 3.3 nH inductor can be used instead of capacitor
C1 to reduce losses.

[0089] As shown in FIG. 16, the output of the matching network is connected to the 40-stage
self-mixer with an Rined of 200 kQ at 151 MHz and 434.4 MHz and 50 kQ at 1.016 GHz. The
source of the multi-stage self-mixer Vedrer = VEDREF + Vedref(t) 15 connected to a delay-locked loop
(DLL).

[0090] The self-mixer output, Vedpbo, 1s amplified by gain (—Ay amp) of 26 dB using a current-
reuse baseband amplifier with output vo amp(t). Its input-referred noise is 2kTn/(gm), assuming n
= 1.2 and gm/la =29, an Ia = 370 pA, the amplifier NF compared to the self-mixer output noise
(Rined = 200 kQ) is 1 dB while the power consumption is only 150 pW at 0.4 V. The PMOS
transistor is current biased using a current mirror with AC coupling while the NMOS transistor is
biased through the DC feedback loop created by the DLL. Additionally, the DLL provides a
high-pass response in the signal path and rejects the low-frequency flicker noise added by the
amplifier.

[0091] A windowed integrator implementation using time-encoded analog signals can be

adapted to be used as a matched detector for the rectangular bit shape; it filters the high-
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frequency baseband noise and ensures that the noise bandwidth is fs to optimize the SNR before
sampling.

[0092] Two voltage-controlled delay lines (VCDLA and VCDLB) (FIG. 16) with clocked
feedback realize a V-to-T signal conversion and time-encoded integration. The operation
principle is illustrated in FIG. 18. The rising-edge of the OSC_CLK triggers oscillation in
VCDLs, with the frequency controlled by its respective input voltage, Vo amp and VoeLay rer. At
the falling-edge of OSC_CLK, the relative position of the edges in VCDLs has the information
of the output phase (relative delay), effectively integrating the input signal when OSC_CLK is
"high." For an OSC_CLK time period Tp, the VCDLs integrate the signal for a time of 77»/8
and remain in reset mode for the rest of the period. This is ensured by deriving the OSC_CLK
from an 8x REF CLK generated using an on-chip current-starved ring oscillator. Assuming the
DC output of the amplifier is set as VpeLay rer using the DC feedback for the DLL, the difference

of the output pulse widths of the two VCDLs is:

kT
i
Afy lgf"i Tp} - / Kyen o Voamp {1 bt

where Kuvco 1s the voltage-to-frequency conversion gain and Tyeo = 1/fvco 1S the time period when

VCDLA is operated as a VCO, and k is the index for the discrete-time samples. In z-domain:

C i y U r:?eff‘éff{\n,é
At ! {:\3 - 5 A VLA ».?T‘{WG?;{,H.’_}}rg_}—
LS

where sig(z) is the Z-transform of the discrete samples sig[kTp]:
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[0093] This can be used to evaluate the time-domain response of the DLL.

[0094] At the end of the OSC_CLK "high" pulse, At:is measured using phase-frequency
detector (PFD). The relative pulse-widths of the UP/DOWN pulses provides a measure if At; >
0|At: <0. These UP/DOWN pulses trigger an SR-latch to operate as a comparator. The output
of the SR-latch is sent to an 11-bit digital correlator.

[0095] A non-zero threshold for the comparator needs to be set for a low false-alarm rate.
The DLL sets At: = 0 at the output of the VCDLs. Additional current-starved inverter delay cells
in the signal and reference path with a different delay (v and 7r) are added in each branch after
VCDLs to set the threshold. The threshold can be configured for false alarm to be less than one
per hour in some embodiments.

[0096] The receiver uses 2x oversampling to receive the wake-up code. As a result, either
the even or the odd samples will be aligned with the incoming data signal. The on-chip 100 pW
11-bit sliding-window digital correlator skips every alternate bit and thus correlates with the
most reliable data. D-flipflop shift registers keep the last twenty-two samples, XOR gates
multiply the received code with the desired wake-up code, and a 4-bit full-adder sums the XOR
outputs; the adder output is then compared with a correlation threshold.

[0097] Ati[kTp] is also sensed using a separate PFD and is fed back to the reference input of
the self-mixer using a charge pump with a load capacitor Cir as shown in FIG. 16. The loop sets
Ati =0 at DC, thus forming a delay-locked loop. This sets the amplifier output DC potential

equal to Veprer, which then biases the voltage amplifier as well.
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[0098] The charge-pump output can be written as Vedwef KTp] = Vedret((k — 1)Tp) +
IcpAti(kTyp)/Cie, where Icp is the charge-pump current of 1 pA and Cicis a load capacitor of 20 pF.
This feedback loop is enabled for every alternate sample for a time of T/8 at the end of
integration cycle controlled by CP_EN in FIG. 17. The discrete-time operation of the DLL
justifies the use of a Z-domain model for analysis as shown in FIG. 18. The Z-domain transfer

function from sig(z) to Atu(z) is:

ATy I

‘w’é‘ €f§ I - {} - {357;;@(;51}3_§

where loop gain: Gioop = (7T9/8)Av,ampKvcoTveolcp/Cie. The transfer function represents a high
pass filter with a cutoff frequency of fs/100, with fs=200 Hz.

[0099] In some embodiments, the settling time of the DLL may limit the number of
consecutive "1"s in the wake-up code to three (or any other suitable value). If a code with more
consecutive "1"s is necessary or desirable, RZ-encoding or Manchester encoding can be used in
some embodiments.

[0100] The region of convergence (ROC) is defined by |z| > |(1 — Gioop)|. For a causal and
stable linear time invariant system, the ROC must extend the outermost pole to infinity and must
include the unit circle |z| = 1 in some embodiments. Therefore, Gioop must be less than 1 in some
embodiments. This sets the charge-pump current /cp and capacitance Cis.

[0101] The amplifier and the VCDLs add random DC offsets modeled as Vorr, amp and
Vorrosc in FIG. 18. The charge pump in the feedback loop creates a zero at DC, so that the DC
offsets are rejected. Thanks to this baseband offset cancellation, very small transistors can be
used in the VCDLs, even though they introduce larger mismatches, and the VCDLs can operate

with only 50 pW each.
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[0102] The comparator threshold can be set sufficiently large so that there is a low
probability to trigger a false wake-up at any suitable rate (e.g., less than one per hour).

[0103] The false-alarm probability is the probability that the comparator output is the desired
wake-up code due to the noise present in the receiver. Assuming a receiver sampling rate of fs,
the total number of bits received in an hour 1s 3600-fs. Let H be the number of "1"s in a wake-
up code. For x-bit error tolerance in the correlator, the total number of false positives generated
are approximately equal to 3600/, C,,PH~* where P is the probability of comparator output to
be "1". Itis assumed that the probability of receiving a "0" is close to 1 for simplicity.

Therefore, P is required to be less than:

(1/((3600]2HCx)1/(H—x)))

for a false alarm rate of less than one per hour. For fs equal to 200 samples per second and a
desired 11-bit wake-up code “11100100110" received with 1-bit error tolerance, the required P

can be 4.7%. Assuming a Gaussian noise distribution, the corresponding threshold required is

Tq =170 =17 ’Atf’ed , wherein Atjzled is the jitter contribution due to the self-mixer.

[0104] In some embodiments, at least a certain SNR may be required at the input of the
comparator for successful detection of a wake-up code based on the comparator threshold
derived above for a given false-alarm rate. For an x-bit error tolerance, the receiver must miss at
least (x + 1) bits in order to miss a wake-up signal. Assuming that the probability of missing (x
+ 2) bits or more in a code will be low compared to missing only (x + 1) bits, the probability of
missed detection is approximately equal to 7Cy_; P¥*!, where P is the probability of a missed
bit. For a required missed-detection ratio (MDR) of 107, with N = 6, and 1-bit error tolerance,

P is required to be 0.008, requiring the input signal of the comparator to be 2.40 above the
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threshold. Therefore, a total signal amplitude of 4.1¢ is required for signal detection, thus
requiring a 12.3 dB SNR at the input of the comparator.

[0105] In some embodiments, a receiver can be implemented to account for one or more
interferers received at the receiver's antenna.

[0106] For example, in some embodiments, as shown in FIG. 19, a receiver 1900 having a
low frequency path and a high frequency path can be used to account for an interferer. As
illustrated, receiver 1900 includes an antenna 1902, a four-element passive balun 1904, a
matching network 1906, a differential self-mixer 1908, a low frequency (LF) path 1910, a high
frequency (HF) path 1912, a low-pass filter and hysteresis comparator 1914, a high-pass filter
and hysteresis comparator 1916, a clock 1918, an envelope detector 1920, sliding window
correlators 1926 and 1928, and an adder 1930. It should be noted that some inductor and
capacitor values are shown for illustrative purposes in FIG. 19 and that other values can be used
in some embodiments.

[0107] In some embodiments, any suitable type of interferer can be accounted for.

[0108] For example, in accordance with some embodiments, assume that an interferer Vi
that is a constant amplitude sine wave (i.e., with no amplitude or phase modulation) is received.
FIG. 20 shows an example of corresponding spectra at the input and output of differential self-
mixer 1908 of receiver 1900 of FIG. 19 that may be seen for this interferer. In the differential
self-mixer, Vin 2002 acts as a local oscillator (LO) and mixes with a wanted signal Vyanteda 2004
to generate a copy of the desired signal at the IF frequency as Vmixir 2006 while Vingpy 2008 is a
signal at DC, typically larger than Vsigwp 2010. These signals may then be processed in the low

frequency (LF) and high frequency (HF) paths.
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[0109] In the LF path, the baseband signal is amplified (by self-mixer 1908), low-pass
filtered (by the low-pass filter of 1914 so that the filter attenuates high-frequency signals (in this
case, Vmixif 2016 of FIG. 20), and passes low-frequency signals (in this case, Vsigos 2018 of FIG.
20)) and then sliced (by the hysteresis comparator of 1914) to remove the high-frequency
signals.

[0110] In the HF path, the baseband signal is amplified (by self-mixer 1908), high-pass
filtered (by the high-pass filter of 1916 so that the filter attenuates low-frequency signals (in this
case, Vsigpb 2029), and passes high-frequency signals (in this case, Vmixir 2022)), and sliced (by
the hysteresis comparator of 1916) to remove the low-frequency signals, and then envelope
detection is performed (by envelope detector 1920) to demodulate the signal.

[0111] In some embodiments, signal Vmix ir in the HF path can increase one dB per one dB
increase in interferer power while noise from the self-mixer remains constant. Thus, the
sensitivity of the receiver in the HF path can improve by one dB for one dB increase in the
interferer power in some embodiments.

[0112] As another example of a type of interferer that can be accounted for in some
embodiments, assume that a strong phase modulated (PM) or frequency modulated (FM)
interferer (i.e., with no amplitude modulation, but with phase modulation) is received. In this
case, Vsigbb and Vinpb are independent of the phase modulation. Also, in this case, Vmix if carries
the amplitude modulation of the wanted signal and the phase modulation of the interferer.
Therefore, Vmixir can be demodulated using the envelope detector in the HF path, to make it
insensitive to the phase modulation of the interferer. Hence, the receiver can treat a PM/FM
interferer as a narrowband carrier and have the performance as described above for the signal in

the presence of a narrowband carrier.
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[0113] As yet another example of a type of interferer that can be accounted for in some
embodiments, assume that an AM interferer is received. FIG. 21 shows an example of
corresponding spectra at the input and output of differential self-mixer 1908 of receiver 1900 of
FIG. 19 that may be seen for this interferer. As shown in area 2102, the frequency content of the
interferer Vinbp may overlap with the content of the wanted signal Viigpp and for a strong AM
interferer the wanted signal in the LF-path may get blocked by the strong AM interferer as
shown by signal 2014.

[0114] However, in some embodiments, Vmixif can be processed in the HF-path to obtain the
wanted signal. The modulation of the wanted signal is a random stream of "1"s and "0"s as
shown by the middle waveform of FIG. 22. For an AM interferer with low-modulation index
(e.g., min(t)<<1), Vmixif Will have an IF frequency (wsig - ®int) Output in the presence of "1", and
no signal in the presence of "0" as shown by the bottom waveform in FIG. 22. This signal is
then amplified with a limiting amplifier to remove the unwanted AM modulation of min(t) and
the wanted signal is retrieved using envelope detection at the IF frequency.

[0115] Referring back to FIG. 19, more details are now provided regarding the operation of
receiver 1900. While specific values of components are provided herein for purposes of
illustration, it should be understood that any other suitable values of components can be used in
some embodiments.

[0116] As shown in FIG. 19, the receiver front end first converts a 50 Q antenna impedance
into a 100 Q differential impedance using four-element passive balun 1904 that include inductors
L1 (which can each have a value of 20 nH or any other suitable value(s) in some embodiments)
and capacitors C1 (which can each have a value of 4 pF or any other suitable value(s) in some

embodiments). The 100 Q differential impedance is then matched to the self-mixer’s input
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resistance (which can have a value of 25 kQ or any other suitable value in some embodiments)
using a three-element matching network that includes a capacitor C2 (which can have a value of
5.6 pF or any other suitable value in some embodiments) and inductors L2 (which can each have
a value of 100 nH or any other suitable value(s) in some embodiments, and which can each have
a Q-factor of 30 (or any other suitable value(s)) at 550 MHz (or any other suitable value(s)) in
some embodiments). A passive voltage gain may then be realized in some embodiments.

[0117] Next, RF-to-baseband down-conversion can implemented by components 1908, 1914,
and 1916. In some embodiments, these components can be implemented in any suitable manner.
For example, in some embodiments, components 1908, 1914, and 1916 can be implemented
using example architecture 2300 shown in FIG. 23.

[0118] Architecture 2300 can include differential input capacitances at input terminals 2302
that can include any suitable capacitances at the RF input of the packaged chip including
package (including bond-wire) capacitances, ESD capacitances, and self-mixer capacitances,
which can be 165 fF, 65 fF and 188 fF, respectively, or any other suitable values in some
embodiments.

[0119] In some embodiments, two-bit on-chip trim capacitors 2304 can be included to fine
tune the matching network to the desired RF frequency. As illustrated in FIG. 23, by setting the
switch in 2304, the capacitances at terminals 2302 can be adjusted.

[0120] A 10-stage self-mixer 2306 can be connected to terminals 2302.

[0121] Architecture may further include an LF path 2308 and an HF path 2310, that can
operate in an identical or similar manner to the LF path and the HF path described above. Path
2308 can include a baseband low-noise amplifier (BB LNA LF) 2312, a baseband amplifier

(BB_AMP LF) 2314, a low-pass filter (LPF) 2316, a baseband variable-gain amplifier
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(BB_VGA _LF) 2318, and a hysteresis comparator 2320. Path 2310 can include a baseband low-
noise amplifier (BB_LNA HF) 2322, a high-pass filter (HPF) 2324, a baseband amplifier
(BB_AMP HF) 2326, a baseband variable gain amplifier (BB VGA HF) 2328, and a hysteresis
comparator 2330.

[0122] In some embodiments, the outputs of the LF and HF paths can be correlated off-chip
with a Barker-code using sliding-window correlators 1926 and 1928 of FIG. 19.

[0123] During regular operation of the receiver, the LF-path demodulates the signal with a
baseband LNA and a low-pass filter that filters inter-modulation products at the self-mixer
output.

[0124] As shown in FIG. 24, BB LNA LF 2312, BB AMP LF 2314, BB VGA LF 2318,
BB _LNA HF 2322, BB AMP HF 2326, and BB. VGA_HF 2328 can be implemented as
common-source differential amplifiers in some embodiments. The table in the figures gives
example values for the different components of the figure depending on the application in FIG.
23.

[0125] When the circuit in FIG. 24 1s used to implement an LNA (e.g., BB LNA LF 2312
or BB LNA HF 2322), body biasing techniques can be used to control the Vru variations of
NMOS transistors T1, T2, TS, and T6, allowing the operation of the LNA at 0.5 V (or any other
suitable voltage). The LNA can be AC-coupled to the self-mixer using PMOS transistors (T3,
T4) operating in the linear region as 250 MQ resistors and providing a 10 kHz high-pass cutoff
for 400kpbs data rate in some embodiments. Transistors TS and T6 can be used as resistors for

common-mode feedback in some embodiments.
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[0126] When the circuit in FIG. 24 is used to implement a VGA, the variable gain can be
implemented using 3-bit programmable common-mode feedback resistors implemented with TS
and T6 in some embodiments.

[0127] As shown in FIG. 25, LPF 2316 can be implemented as a third-order, current-biased,
gu-C, 500 kHz, Chebyshev low-pass filter for 400 kbps data rate in some embodiments. In some
embodiments, this filter can be used in the LF path to reject the mixer output products beyond 1
MHz. MOS-capacitors can be used for small capacitors C1, C2 and C3. In some embodiments,
the transconductors in FIG. 25 can be implemented in the same manner as BB_ LNA LF 2312 in
FIG. 24. In some embodiments, the transconductors can operate in weak inversion, causing a
PTAT current source to provide a constant transconductance. This can keep the LPF cutoff
constant across temperature to the first order in some embodiments.

[0128] As shown in FIG. 26, HPF 2324 can be implemented as a third-order, IMHz,
Chebyshev gn-C high-pass filter in some embodiments. In some embodiments, this filter can be
used in the HF path to reject any down-converted AM interferer in the baseband. MOS-
capacitors can be used to implement C4, C5 and C6 with low capacitance values in some
embodiments.

[0129] In some embodiments, Barker codes have correlations very close to a § function. In
some embodiments, the auto-correlation is 11 when the codes are aligned and reduces to < |1| at
any other bit offset. Hence, the Barker code can be used to help to identify a wanted signal in the
presence of an interferer. In some embodiments, the receiver demodulator can uses a correlation
threshold of 7 to identify the wanted signal.

[0130] In some embodiments, multiple interferers can be accounted for using example

architecture 2700 shown in FIG. 27. Architecture 2700 uses multiple IF filters with a 400 kHz
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bandwidth located at different IF-frequencies, followed by a correlator-bank to look for the
availability of the wanted signal in some embodiments.

[0131] Although the invention has been described and illustrated in the foregoing illustrative
embodiments, it is understood that the present disclosure has been made only by way of
example, and that numerous changes in the details of embodiment of the invention can be made
without departing from the spirit and scope of the invention, which is limited only by the claims
that follow. Features of the disclosed embodiments can be combined and rearranged in various

ways.
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What is claimed is:

1. A circuit for a wake-up receiver comprising:
a first self-mixer stage comprising:

a first NMOS transistor having a source, a drain, and a gate;

a second NMOS transistor having a source, a drain, and a gate, wherein the drain
of the second NMOS transistor is connected to the drain of the first NMOS transistor;

a first PMOS transistor having a source, a drain, and a gate, wherein the source of
the first PMOS transistor is connected to the source of the first NMOS transistor;

a second PMOS transistor having a source, a drain, and a gate, wherein the drain
of the second PMOS transistor is connected to the drain of the first PMOS transistor, and
the source of the second PMOS transistor is connected to the source of the second NMOS
transistor;

a first resistor having a first side connected to the gate of the first NMOS
transistor and having a second side connected to a first gate bias voltage;

a second resistor having a first side connected to the gate of the first PMOS
transistor and having a second side connected to a second gate bias voltage;

a third resistor having a first side connected to the gate of the second NMOS
transistor and having a second side connected to the first gate bias voltage;

a fourth resistor having a first side connected to the gate of the second PMOS
transistor and having a second side connected to the second gate bias voltage;

a first coupling capacitor having a first side connected to a first radio frequency
(RF) input signal and having a second side connected to the gate of the first NMOS

transistor;
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a second coupling capacitor having a first side connected to the first RF input
signal and having a second side connected to the gate of the first PMOS transistor;

a third coupling capacitor having a first side connected to a second RF input
signal and having a second side connected to the gate of the second NMOS transistor;
and

a fourth coupling capacitor having a first side connected to the second RF input

signal and having a second side connected to the gate of the second PMOS transistor.

2. The circuit of claim 1, wherein the first self-mixer stage further comprises:

a fifth coupling capacitor having a first side connected to the source of the first NMOS
transistor having a second side connected to the second RF input signal; and

a sixth coupling capacitor having a first side connected to the source of the second

NMOS transistor and having a second side connected to the first RF input signal.

3. The circuit of claim 1, wherein the drain of the first PMOS transistor is connected to a

common mode voltage.

4. The circuit of claim 1, wherein the first RF input signal is an inverted form of the second
RF input signal.
5. The circuit of claim 1, further comprising a second self-mixer stage.
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6. The circuit of claim 1, further comprising a matching network that provides the first RF

input signal and the second RF input signal.

7. The circuit of claim 1, wherein the drain of the first NMOS transistor provides a first

output signal and the drain of the first PMOS transistor provides a second output signal.

8. The circuit of claim 7, further comprising a low-pass filter having a first input connected
to the first output signal, having a second input connected to the second output signal, having a

first output, and having a second output.

9. The circuit of claim 8, further comprising a first hysteresis comparator having a first
input connected to the first output of the low pass filter, having a second input connected to the

second output of the low pass filter, having a first output, and having a second output.

10. The circuit of claim 9, further comprising a first correlator having a first input connected

to the first output of the first hysteresis comparator and having a first output.

11. The circuit of claim 8, further comprising a high pass filter having a first output

connected to the first output signal and having a second input connected to the second output

signal.

32



WO 2020/142792 PCT/US2020/012439

12. The circuit of claim 11, further comprising a second hysteresis comparator having a first

input connected to the first output of the high pass filter, having a second input connected to the

second output of the high pass filter, having a first output, and having a second output.

13. The circuit of claim 12, further comprising a first envelope detector connected to the first
output of the second hysteresis comparator and a second envelope detector connected to the

second output of the second hysteresis comparator.

14. The circuit of claim 13, further comprising a second correlator having a first input

connected to the first output of the second hysteresis comparator and having a first output.

15. The circuit of claim 14, further comprising an adder connected to the first output of the

second correlator.

16. The circuit of claim 14, wherein the second correlator receives a Barker code.

17. The circuit of claim 16, wherein the Barker code is 11 bits.
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