
Received April 6, 2021, accepted April 14, 2021, date of publication April 21, 2021, date of current version April 30, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3074650

2.4 GHz BLE Receiver With Power-Efficient
Quadrature RF-to-Baseband-Current-Reuse
Architecture for Low-Power IoT Applications
BEOMYU PARK 1,2,3, (Member, IEEE), AND KUDUCK KWON 2,3, (Senior Member, IEEE)
1Samsung Electronics Company Ltd., Hwaseong 18448, South Korea
2Department of Electronics Engineering, Kangwon National University, Chuncheon 24341, South Korea
3Interdisciplinary Graduate Program in BIT Medical Convergence, Kangwon National University, Chuncheon 24341, South Korea

Corresponding author: Kuduck Kwon (kdkwon@kangwon.ac.kr)

This work was supported in part by the Basic Science Research Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education under Grant NRF-2018R1D1A1B07042804, and in part by the Ministry of Science and ICT, South
Korea, through the Information Technology Research Center Support Program supervised by the Institute for Information and
Communications Technology Promotion (IITP) under Grant IITP-2021-2018-0-01433.

ABSTRACT In this paper, a 2.4 GHz Bluetooth low energy receiver employing a power-efficient quadra-
ture RF-to-baseband-current-reuse architecture is presented for low-power low-voltage internet of things
applications. The proposed quadrature RF-to-baseband-current-reuse RF front-end consists of a low-noise
transconductance amplifier, an active-type polyphase filter-based quadrature generator, transimpedance
amplifiers, and double-balanced current-mode passive mixers on a single dc current path. An input matching
network is used to perform power-constrained simultaneous noise and input power matching and 1/f noise
reduction in the RF and baseband domains, respectively. The quadrature RF signals are provided to the
single-quadrature mixers through an embedded active-type polyphase filter-based quadrature generator. The
implemented Bluetooth low energy receiver is composed of the RF-to-baseband-current-reuse RF front-
end, IF amplifiers, two-stage passive-RC polyphase filter, and fifth-order Chebyshev-II Gm-C filters. The
proposed design was fabricated using a 65-nm CMOS process and characterized primarily in the Bluetooth
low energy operating frequency bands. The active die area of the implemented receiver was 0.85 mm2, and
the receiver drew a bias current of 1.41 mA from a nominal supply voltage of 0.8 V. The Bluetooth low
energy receiver achieved a noise figure of 13.2 dB, conversion gain of 42 dB, image rejection ratio of more
than 30 dB, and input-referred third-order intercept point of −25 dBm.

INDEX TERMS Active-type polyphase filter, bias-current sharing, Bluetooth low energy, current-reuse,
image rejection ratio, IoT, I /Q mismatch, low-IF receiver, low-voltage, non-invasive filter, quadrature
generator, quadrature transconductor, RF-to-BB-current-reuse.

I. INTRODUCTION
In recent years, smart cities have been envisioned as a solu-
tion to problems such as traffic and environment degradation
caused by urban concentration and a means to enhance the
convenience and quality of life of the citizens and realize sus-
tainable cities. Accordingly, considerable research is being
performed on smart cities based on internet of things (IoT)
sensor devices. To overcome the associated battery issues,
most sensor devices adopt ultra-low-power IoT transceivers.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yong Chen .

In this regard, a Bluetooth low-energy (BLE) transceiver,
which is a representative wireless communication protocol
with a low data rate and power consumption, can be imple-
mented in IoT smart sensors.

The BLE transceiver has relatively moderate specifica-
tions such as a sensitivity of −70 dBm with 1 MSym/s
uncoded data, carrier-to-adjacent (2/3 MHz) interference
ratio (C/I2/3MHz) of −17 / −27 dB, and carrier-to-image
interference ratio (C/IImage) of −9 dB [1]. Based on the
sensitivity and interference requirements, the specifications
for the noise figure (NF) and input-referred third-order inter-
cept points (IIP3) can be derived as 30 dB and −31 dBm,
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respectively [2]. In general, the interference in the image
frequencies can degrade the carrier-to-noise ratio (CNR) and
thus must be suitably eliminated. Moreover, the output CNR
of the system is related to the image rejection ratio (IRR)
and input CNR of the system, and can be expressed as
CNROUT = CNRIN / (1 + 1 / IRR). When the sensitivity
degradation caused by the image signals is required to be
within 0.3 dB, an IRR of more than 21 dB is required with
a C /IImage of −9 dB. A low-power BLE receiver with a
simple architecture can be implemented in such scenarios
owing to its moderate requirements in terms of specifications,
as mentioned previously. To this end, many researchers have
attempted to enhance the key performance parameters of
BLE receivers, including the sensitivity and linearity, while
restricting the power consumption.

The current-reuse (CR) technique is a representative
and powerful method to achieve a low-power design. The
CR technique has been applied to unit blocks such as
low-noise amplifiers (LNAs) and low-noise transconduc-
tance amplifiers (LNTAs) [3]. In recent years, CR techniques
for sharing bias currents among several blocks have been
actively studied. Specifically, an LNA-mixers-VCO (LMV)
cell was developed [4] to be used in low-power applica-
tions; however, it cannot obtain a low NF, and VCOs with
large blockers are generally susceptible to injection locking.
Balun-LNA-mixer (BLIXER) cells [5], [6] can be used to
reuse the bias currents of the building blocks. However,
such cells also exhibit a high NF and insufficient linear-
ity owing to the limited linearity of the active mixer and
lack of RF filtering. A receiver architecture employing a
function-reuse RF front-end and a CR VCO-filter cell has
been proposed [7]; however, the NF of this architecture is
also relatively high, and the in-band input 1-dB compression
point is−50 dBm because of the low supply voltage of 0.5 V.
Low-power receiver architectures in which the dc bias cur-
rent of an RF LNTA and baseband (BB) stage is shared
were also developed [8]–[11]. An RF-to-BB-CR receiver
incorporating an RF bandpass filter with an eight-path pas-
sive mixer was proposed [8] to improve the linearity of the
architecture. Moreover, an active noise-shaping network and
linearity-enhancement circuits were proposed [9] to improve
the NF and linearity, respectively. In another study [10],
an active inductor was adopted to isolate the RF and
BB stages. However, these RF-to-BB-CR receivers exhibited
relatively high NFs. To reduce the NF, an RF-to-BB-CR
receiver employing power-constrained simultaneous noise
and input power matching (PCSNIPM) and 1/f noise reduc-
tion was introduced [11]. Such a receiver allowed the LNTA
to implement PCSNIPM with an additional CEX in the
RF domain, thereby achieving a reasonably low NF. In previ-
ously developed RF-to-BB-CR receivers, quadrature signals
for single-quadrature mixing were supplied through addi-
tional quadrature generators, such as divide-by-two circuits
and passive-RC polyphase filters (PPF) in the local oscil-
lator (LO) path. Nevertheless, if the RF LNTA of an RF-
to-BB-CR receiver has an inherent quadrature-generation

function, the additional circuits for quadrature generation in
the LO path can be eliminated. In this regard, the design
of a new quadrature RF-to-BB-CR receiver architecture
is necessary to develop a power-efficient single-quadrature
BLE receiver.

To this end, in this study, a 2.4 GHz BLE receiver
with a power-efficient quadrature RF-to-BB-CR architec-
ture was developed to be used in low-power IoT applica-
tions. Through the input matching network, the proposed
receiver implemented PCSNIPM and 1/f noise reduction in
the RF and BB domains, respectively. Moreover, an embed-
ded active-type PPF was used to generate the quadrature
signals for single-quadrature mixing.

The remainder of the paper is organized as follows.
Section II describes the conventional RF-to-BB-CR
architecture and proposed quadrature RF-to-BB-CR receiver
architecture. Section III elaborates on the circuit imple-
mentation of the BLE receiver with the proposed
receiver architecture. The experimental results are dis-
cussed in Section IV. The concluding remarks are presented
in Section V.

II. NEW POWER-EFFICIENT QUADRATURE RF-TO-BB-CR
RECEIVER ARCHITECTURE
This section describes the conventional RF-to-BB-CR
receiver architectures as well as the novel power-efficient
quadrature RF-to-BB-CR receiver architecture employing an
active-type PPF-based quadrature generator.

A. CONVENTIONAL RF-TO-BB-CR ARCHITECTURE
Ghosh andGharpurey [9] proposed an RF-to-BB-CR receiver
architecture in which the dc bias current was shared between
an LNTA and a transimpedance amplifier (TIA). However,
the NF of this architecture was high. To reduce the NF,
Kim and Kwon [11] introduced an RF-to-BB-CR receiver
architecture that implemented PCSNIPM through an input
impedance network, as shown in Fig. 1. The sources of MN1
and MN2 were degenerated through the impedance network
consisting of CRFS , LS , and RS . In the RF domain, the I -path
of the receiver was simplified as shown in Fig. 1(b) when
1/ωRFCRF ≈ 0 and RS � ωRFLS . The impedance network
enabled the LNTA to perform PCSNIPM with an additional
CEX in the RF domain. The cascode devices improved the
isolation and I/Q cross talk. In the BB domain, the I -path of
the proposed receiver was simplified as shown in Fig. 1(b)
when 1/ωRFCRFS ≈ ∞. In this domain, the 1/f noises of the
short-channel devices (MN1−6) at the output were extremely
intense and required to be suppressed. The RS significantly
reduced the 1/f noises of the devices, which are generated
at the BB output owing to the source-degeneration effect.
A double-balanced current-mode passive mixer driven by
a non-overlapping 25% duty-cycle LO was used to realize
the frequency down-conversion, which could increase the
conversion gain, reduce the noise, and enhance the linearity
of the architecture.
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FIGURE 1. RF-to-BB-CR architecture with PCSNIPM and 1/f noise reduction technique [11] (b) Simplified schematics of the I-path in the RF and BB
domains.

B. PROPOSED QUADRATURE RF-TO-BB-CR
ARCHITECTURE
A quadrature RF-to-BB-CR receiver can be realized by
implementing a quadrature LNTA in the RF-to-BB-CR
receiver shown in Fig. 1(a). The quadrature RF-to-BB-CR
receiver architecture is more power-efficient because the
circuitry for quadrature generation in the LO path is elim-
inated. In recent studies, quadrature LNTAs based on a
common-source (CS) amplifier with capacitive degenera-
tion [4], [12], [13] and a quadrature LNTA based on the
common-gate amplifier and single-RC network [14], [15]
were developed, as shown in Fig. 2(a) and (b). When used
as the LNA, the main transistors (M0 and M1) in the conven-
tional topologies shown in Fig. 2 generated the quadrature
output currents and influenced the overall performance in
terms of the voltage gain, NF, and linearity. Moreover, two
dc current paths existed in this framework. In general,
separating the transistors that generate the quadrature out-
put currents from those that influence the key performance
parameters of the LNA is desirable to enhance the design
degree of freedom. Moreover, it is advantageous to optimize
the key performance parameters. Furthermore, to minimize
the power consumption, the quadrature LNA must include
only one dc current path. Recently, Park and Kwon proposed
a quadrature LNTA topology with an active-type PPF-based
quadrature generator which developed considering the afore-
mentioned aspects, and it is shown in Fig. 3 [16]. The active-
type PPF consisting of MI , MQ, RI , RQ, CI and CQ is shown
in Fig. 3(b). The PPF can be placed in the cascode stage of
the quadrature transconductor to provide accurate quadrature
output currents. Unlike the passive-RC PPF, the proposed
active- type PPF does not generate excessive loading on the
preceding circuit. The small signal model can be analyzed
to derive the quadrature output currents through Kirchhoff’s
current and voltage laws. Herein, to enable an intuitive and
simple analysis, the effects of the parasitic capacitances and

FIGURE 2. Conventional quadrature LNTA: (a) CS-based [12]
(b) CG-based [14].

resistances ofMI andMQ are ignored. The output currents II
and IQ can be expressed as follows:

II = gmI (VX − VIN ) = −
1

1+ sRICI
gmIVIN (1)

IQ = gmQ(VY − VIN ) = −
sRQCQ

1+ sRQCQ
gmQVIN (2)

According to (1) and (2), II and IQ exhibit low- and high-pass
filter characteristics, respectively. Moreover, II and IQ exhibit
a quadrature relationship when RICI = RQCQ, ωRQCQ = 1,
and gmI = gmQ. In practice, because the parasitic capac-
itances and resistances of the transistors (MI and MQ)
and layout routing lines considerably influence the quadra-
ture characteristics, RI , RQ, CI , and CQ must be selected
based on an extensive simulation with layout parasitic
extraction.

The quadrature RF-to-BB-CR receiver architecture with
the proposed quadrature LNTA is shown in Fig. 4. The
architecture does not involve any additional circuits to realize
quadrature generation in the LO path, and thus, the power
consumption of the entire receiver is reduced.When gmn1,2 =
gm and gmn3−6 = gmC , the conversion gain of the proposed
quadrature RF-to-BB-CR receiver in the I -path and Q-path
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FIGURE 3. (a) Conventional quadrature LNTA with active-type PPF
(b) active-type PPF [16].

FIGURE 4. Proposed quadrature RF-to-BB-CR receiver architecture.

can be expressed as

AVI

≈ −
2
π

gmgmCRF(
1+ sRICI ,tot

) ( 1+ sRICI
gmC + sCI

‖
1+ sRQCQ

sCQ(RQgmC + 1)

)
(3)

AVQ

≈ −
2
π

gmgmCRFCQ
(
1+ sRQCQ

)
CB
(
1+ sRQCQ,tot

)
×

(
1+ sRICI
gmC + sCI

‖
1+ sRQCQ

sCQ(RQgmC + 1)

)
(4)

where RF is the feedback resistor of the TIA; CBQ is the
AC coupling capacitance; CgsI and CgsQ represent the gate-
to-source capacitance of MN3−4 and MN5−6, respectively.
CI ,tot is CI+CgsI ; and CQ,tot is CQ+CgsQ. To facilitate the
analysis, the other parasitic capacitances ofMi, such as Cgdi,
Cdbi, and Csbi, are neglected. In addition, assuming RI =
RQ = R0, CI = CQ = C0, and CBQ � CQ,tot and ignoring
all parasitic effects, (3) and (4) can be expressed as

AVI = −
2
π
gmRF

gmC
gmC + sC0(2+ gmCR0)

(5)

AVQ = −
2
π
gmRF

sgmCR0C0

gmC + sC0 (2+ gmCR0)
. (6)

Equations (5) and (6) indicate the conversion gains of
the I -path and Q-path exhibit the quadrature relationships
| VOUTPQ/VOUTPI | = 1 and 6 (VOUTPQ /VOUTPI ) = 90◦ at
ω = 1 / R0C0.

III. PROPOSED BLE RECEIVER WITH THE QUADRATURE
RF-TO-BB-CR RECEIVER ARCHITECTURE
This section describes the low-power BLE receiver exploit-
ing the proposed quadrature RF-to-BB-CR receiver archi-
tecture along with the corresponding circuit implementa-
tion. The proposed BLE receiver adopts a single-quadrature
low-IF receiver topology with an IF frequency of 2 MHz
to achieve high integrity and low 1/f noise performance.
As shown in Fig. 5, the BLE receiver is composed of the
quadrature RF-to-BB-CR receiver RF front-end, IF ampli-
fiers, two-stage passive PPF, and fifth-order Chebyshev-II
filter. Because the quadrature signals are provided by the
quadrature LNTA, differential LO signals are required to
drive the single-quadrature mixers.

A. RF FRONT-END
The proposed quadrature RF-to-BB-CR receiver architecture
shown in Fig. 4 is used to design the RF front-end of the BLE
receiver. In particular, the architecture is composed of the
LNTA, active-type PPF-based quadrature generator, double-
balanced current-mode passive mixers with 50 % duty-cycle
differential LO signals, and BB TIAs. Short-channel devices
are adopted asMN1,MN2,MN3,MN4,MN5, andMN6 owing to
their influence on the RF characteristics. ForMP1,MP2,MP3,
and MP4, long-channel devices are adopted to reduce the 1/f
noise in the BB domain. The impedance network consisting
of CRFS , LS , and RS performs PCSNIPM with additional
CEX in the RF domain and suppresses the 1/f noises of the
short-channel main transistors in the BB output.
The noise factor of the proposed quadrature RF-to-BB-CR

receiver RF front-end can be expressed as

F

= 1+
2(V 2

MN1+V
2
MN3+V

2
MN5+V

2
RI+V

2
RQ+V

2
MP1+V

2
RF )

4kTRSA2Vtot
(7)

where k is the Boltzmann constant; T is the absolute tem-
perature; RS is the source resistance; AVtot is the conversion
gain from the voltage source (VS ) to the output (VOUTPI );
and VMN1, VMN3, VMN5, VRI , VRQ, VMP1, and VRF represent
the output-referred noise voltages generated by MN1, MN3,
MN5, RI , RQ,MP1, and RF , respectively [16]. When the input
impedance of the LNTA matches RS , ωR0C0 = 1, gmn1,2 =
gm, gmn3−6 = gmC , and gmp1,2 = gmp, AVtot is approximately
given as

AVtot ≈ −
2
π
QINgmRF

1√
1+

(
1+ 2

/
gmCR0

)2 (8)
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FIGURE 5. Block diagram of the proposed BLE receiver.

whereQIN is the quality factor of the input matching network.
The noise factor can be derived to

F ≈ 1+
2γ

Q2
INgmRS

(
1+

gmC
gm

(
1+

2
gmCR0

)2

+
gmC
gm

)

+
2

Q2
INg

2
mRSR0

((
2+
√
2 gmCR0

)2
+ 1

)

+
π2

2

1+
(
1+ 2

/
gmCR0

)2
Q2
INg

2
mRS

(
gmpγ +

1
RF

)
(9)

where γ is a noise parameter and the second, third, and fourth
terms represent the thermal noises of MN1, MN3, and MN5;
RI and RQ; and MP1 and RF , respectively. Based on (9),
the main transistor of the quadrature LNTA (MN1,2) corre-
sponds to the largest noise contribution. Moreover, the noise
contributions of MN3 and RI are significant and depend
on the values of gm, gmC , and R0. Similar to the conven-
tional CS LNA with inductive degeneration and a cascode
device, the proposed quadrature LNTA involves an intrinsic
trade-off relationship between the NF and input impedance
matching. Specifically, the LNTA is designed to optimize the
NF performance. The device parameters of the quadrature
RF-to-BB-CR receiver RF front-end are selected such that the
BLE receiver corresponds to NF < 15 dB, S11 < −10 dB,
and IRR > 21 dB. The target power consumption of the
RF-to-BB-CR receiver RF front-end is less than 1 mW under
a nominal supply voltage of 0.8 V. These values are estab-
lished based on a detailed simulation with layout parasitic
extraction, as summarized in Table 1.

Assuming that the gain and phase errors are sufficiently
small, the IRR of the receiver can be approximately set as
4 / (ε2+ 1θ2), where ε and 1θ denote the gain error
and phase error of the quadrature signals, respectively [17].
To achieve IRR >21 dB, the gain and phase errors of

TABLE 1. Device parameters of quadrature RF-to-BB-CR receiver
front-end.

the quadrature signals should be less than 1.4 dB and 4◦,
respectively. The simulated gain and phase mismatches of
the designed quadrature RF-to-BB-CR receiver RF front-end
for different RF frequencies are shown in Fig. 6. The RF
front-end can provide quadrature signals with gain and phase
mismatches of less than 0.3 dB and 0.35◦ in the BLE band,
respectively. The Monte-Carlo simulation results for the gain
and phase errors at 2.44 GHz are shown in Fig. 7. In the
case of random device mismatches and process variations,
the mean values of the gain and phase errors of the proposed
quadrature LNTA at 2.44 GHz are 0.29 dB and 0.39◦, respec-
tively. The standard deviations of the gain and phase errors are
0.46 dB and 0.55◦, respectively. These values are sufficient to
achieve an IRR of more than 21 dB.

B. IF AMPLIFIER
IF amplifiers are primarily used to drive the following
two-stage passive-RC PPF and amplify the output volt-
age of the TIA. As shown in Fig. 8, the topology of the
IF amplifiers involves a CS amplifier and cross-stacked
source-follower [13]. The gain of this combined topology
with the buffering function is more than 0 dB; therefore,
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FIGURE 6. Simulated gain and phase mismatches of the designed RF
front-end.

FIGURE 7. Monte-Carlo simulation results at 2.44 GHz with options of
device mismatch and process variations (N = 100): (a) gain error and
(b) phase error.

FIGURE 8. IF amplifier.

it can drive the following passive PPF without performance
degradation. Furthermore, the IF amplifier performs low-
pass filtering with R0 and C0. The capacitor array of C0 can
compensate for the variation in the 3-dB cut-off frequency
caused by process, voltage, and temperature (PVT) varia-
tions. In addition, the resistor array of R0 can calibrate the
I/Q gain mismatch to achieve sufficient IRR performance.

C. TWO-STAGE POLYPHASE FILTER
The two-stage passive-RC PPF shown in Fig. 9 is employed
to reject the image signals. In particular, the passive topology
can enhance the linearity performance. The PPF generates a
notch in the frequency response at the positive or negative
frequency axis. Although a single notch can be generated only
at a single frequency with ideal quadrature signals, the notch
depth is degraded owing to the quadrature imbalances caused
by the time constant variations [17]. To obtain broad IRR
characteristic in the entire image band, two notch frequencies
are set as –1.6 and –2.6 MHz. Moreover, considering the
trade-off relationship between the device sizes and NF, R1,
R2, C1, and C2 are set as 10 k �, 24 k�, 6 pF, and 4 pF,
respectively, to establish the notch frequencies.C1 andC2 can
be tuned using 4-bit digitally controlled signals to compen-
sate for the variations in the notch frequencies caused by the
PVT variations.

FIGURE 9. Two-stage passive-RC poly-phase filter.

D. FIFTH-ORDER CHEBYSHEV-II FILTER
The BB filter performs channel selection and suppresses
out-of-band blockers. According to the BLE standard [1],
the carrier-to-adjacent interference ratios (C/I2/3MHz) are
−17 and −27 dB at the offset frequencies of 2 and 3 MHz,
respectively. Therefore, the BB filter should attenuate the
interferences at the offset frequencies of 2 and 3MHz bymore
than 17 and 27 dB, respectively. To satisfy the rejection spec-
ification of the adjacent signals, the fifth-order Chebyshev-II
topology is selected for channel selection. As shown
in Fig. 10, this topology consists of an I/Q summer embed-
ding first-order low-pass filter and two-stage second-order
biquad filters based on a non-invasive Gm-C filter topol-
ogy. As shown in Fig. 10, the I/Q summer includes of
I/Q Gm-stages and PMOS load. The Gm-stages realize
quadrature voltage-to-current conversion, and the quadrature
currents are summed in the PMOS load. Resistive degener-
ation is applied to enhance the linearity performance. More-
over, the I/Q summer can provide a real pole at ω= 1/RFCF .
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FIGURE 10. Fifth-order Chebyshev-II filter.

FIGURE 11. Simulated frequency response of the baseband analog circuits.

RF and CF can be tuned through 6-bit digitally controlled
signals to compensate for the variation in the 3-dB cut-off
frequency caused by the PVT variations. The second-order
biquad filter adopts a non-invasive Gm-C filter topology,
which exhibit a higher linearity and lower noise than the
conventional biquad Gm-C topologies [18], [19]. As shown
in Fig. 10, the biquad implements notch filtering at the out-
put node with an emulated series LC tank, ZN (s) placed in
parallel with the signal path. ZN (s) operates as an open and
short circuit in the signal and interference bands, respectively.
Consequently, ZN (s) exhibits a certain selectivity with negli-
gible additional noise and generates a small intermodulation
current [19]. In the first biquad filter, the gyrator composed
of Gm2 and Gm3 converts CL0 to an emulated inductor LL0 =
CL0/ Gm2Gm3. CF0 and LL0 form the notch impedance ZN (s)
by emulating the series LC tank. The transfer function of the

fifth-order Chebyshev-II filter can be expressed as

H (s) = −
GmIQRF

1+ sRFCF

Gm0R0
(
1+ CF0CL0

Gm2Gm3
s2
)

1+ R0CF0s+
CF0CL0
Gm2Gm3

(Gm1R0 + 1)s2

×

Gm1R1
(
1+ CF1CL1

Gm6Gm7
s2
)

1+ R1CF1s+
CF1CL1
Gm6Gm7

(Gm5R1 + 1)s2
(10)

where GmIQ and Gmi denote the overall transconductances
of the I/Q summer and i-th Gm-cell, respectively. In the
design of theGm-C filter, theGm-cell is the dominant compo-
nent influencing the performances of the filter. In particular,
all the Gm-cells employ the CS transconductor with resis-
tive degeneration to enhance the filter linearity. The largest
noise contribution, which corresponds to Gm0, influences
the overall noise performance of the filter. The Gm-cells
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FIGURE 12. Die microphotograph.

constituting ZN (s) determine the notch selectivity. Because
the finite output impedance of the Gm-cells (Gm1−3, Gm5−7)
can degrade the notch depth and roll-off factor of the filter,
negative-resistance is adopted in the Gm-cells to enhance
the output impedance [20], [21]. Furthermore, all the resis-
tors and capacitors can be tuned to compensate for the
variations in the dc gain, quality factor, and 3-dB cut-off
frequency of the filter caused by PVT variations. The sim-
ulated frequency response of the BB analog circuits, which
consist of the IF amplifiers, two-stage passive RC PPF,
and fifth-order Chebyshev-II filter, is shown in Fig. 11.
The BB analog circuits can satisfy all the specifications
for image rejection and channel-selection pertaining to the
BLE standard.

IV. EXPERIMENTAL RESULTS
The 2.4 GHz BLE receiver with the proposed power-efficient
quadrature RF-to-BB-CR receiver architecture was imple-
mented using a 65-nm CMOS process. The photograph of
the chip is shown in Fig. 12. The active area without the
bond pads is 1.7 mm × 0.5 mm. The power consumption
of the BLE receiver is 1.13 mW with a nominal supply
voltage of 0.8 V. The power breakdown is depicted in Fig. 13.
The power consumptions of the quadrature RF-to-BB-CR
receiver RF front-end, I/Q IF amplifiers, and fifth-order
channel-selection filter are 0.65, 0.1, and 0.38 mW, respec-
tively. To perform the measurements, a grounded 50� copla-
nar waveguide was applied on an assembled printed circuit
board. The insertion losses of the input trace, off-chip balun,
and matching components were measured at the BLE operat-
ing frequencies. The measurement results were compensated
considering these losses.

The measured and simulated S11 of the receiver are shown
in Fig. 14. The measured S11 is below −10 dB in the BLE
band of 2.4–2.4835 GHz. In the measurement, the influence
of the PCB input traces and off-chip balun characteristics
allowed wider input power matching to be performed. The
measured and simulated frequency responses of the imple-
mented BLE receiver are illustrated in Fig. 15. The RF and
LO frequencies are 2.442 and 2.44 GHz, respectively. The
measured conversion gain of 42 dB is obtained at an IF
frequency of 2 MHz. As shown in Fig. 15, the sixth-order
channel selection appears on both sides of the LO frequency,

FIGURE 13. Power breakdown of the proposed BLE receiver.

FIGURE 14. Measured and simulated S11.

FIGURE 15. Measured and simulated frequency responses.

and two notches appear in the image band owing to the addi-
tional image rejection on the left side of the LO frequency.
The channel-selection at the offset frequencies of 2 and 3MHz
are more than 22 and 31 dB, respectively. With these values,
the BLE specification for the rejection of adjacent signals
can be satisfied. Themaximum andminimum IRRsmeasured
within the BLE channel bandwidth of 1 MHz are 43 dB and
30 dB, respectively. The margin for the IRR specification
of 21 dB is adequate. The measured minimum IRR of 30 dB
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TABLE 2. Measured performance summaries of the proposed BLE receiver and comparison with previous works.

FIGURE 16. Measured and simulated NF.

indicates that the gain and phase errors of the implemented
BLE receiver are less than 0.4 dB and 2◦, respectively. There-
fore, the proposed quadrature RF-to-BB-CR RF front-end
can generate accurate quadrature signals that can satisfy the

FIGURE 17. Measured and simulated IIP3.

IRR specification for the BLE standard. The measured and
simulated NFs at the IF frequency of 2 MHz are shown
in Fig. 16. The measured NF is 13.2 dB at an RF fre-
quency of 2.44 GHz. The measured and simulated IIP3 and
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FIGURE 18. Measured and simulated gains, NFs, and IIP3s vs. RF freq.

output-referred third-order intercept points (OIP3) are illus-
trated in Fig. 17. The two-tone test conditions for IIP3 are
f1 = fLO+ 5 MHz, and f2 = fLO+ 8 MHz. The measured
IIP3 and OIP3 values are −25 and 17 dBm, respectively.
The measured and simulated gains, NFs, and IIP3s across
RF frequencies are shown in Fig. 18.

Table 2 presents a comparison of the measured
performance values of the BLE receiver with the quadrature
RF-to-BB-CR receiver architecture with those reported in
previous studies. It can be seen that the implemented BLE
receiver is the most power-efficient compared to the previous
state-of-the-art RF-to-BB-CR receivers of [8]–[11] while
satisfying all the requirements of the BLE standard. Research
on the quadrature RF-to-BB-CR receiver architecture using
noise-cancelling techniques [31]–[34] could be a future
study to realize low-power and low-noise BLE receivers for
IoT applications.

V. CONCLUSION
A low-power BLE receiver employing a new quadrature
RF-to-BB-CR receiver architecture was implemented for IoT
applications through a 65-nm CMOS process. In the pro-
posed architecture, the dc bias current from a single sup-
ply voltage was shared among all the sub-blocks in the
RF front-end. Furthermore, PCSNIPM and 1/f noise reduc-
tion were performed in the RF and BB domains, respec-
tively, through the input impedance network. In addition,
quadrature RF signals were generated through the embedded
active-type PPF-based quadrature generator. The proposed
quadrature RF-to-BB-CR receiver topology is a promising
approach to provide quadrature signals to power-efficient
single-quadrature low-IF receivers. The implemented BLE
receiver achieved a maximum conversion gain of 42 dB,
minimum NF of 13.2 dB, maximum IRR of 43 dB, and
adjacent blocker rejection of 22 dB.
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