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Abstract: We present a low-power CMOS active-resistance-capacitance (active-RC) complex bandpass
filter (BPF) with tunable gain, bandwidth, center frequency, quality factor, and passband flatness for
Bluetooth applications. A transfer function analysis for a cross-coupled Tow-Thomas biquad structure
is presented to prove that the flatness profile of the passband gain can be effectively controlled by
independently tuning two cross-coupling resistors. The proposed biquad-based complex BPF was
employed to realize a fourth-order baseband analog processor for a low intermediate frequency
(low-IF) RF receiver. The baseband analog processor was composed of two complex biquad filters
and three first-order variable-gain amplifiers. It was fabricated in a 65-nm RF CMOS and achieved
wide tuning capabilities, such as a gain of —15.6 to 50.6 dB, a bandwidth of 1.4-3.9 MHz, a center
frequency of 1.5-4.1 MHz, and a passband flatness of —1 to 1 dB. It also achieved an image rejection
ratio of 40.3-53.3 dB across the entire gain tuning range. It consumed 1.4 mA from a 1 V supply and
occupied an area of 0.19 mm? on the silicon substrate. The implementation results prove that the
proposed complex BPF was able to effectively enhance the signal processing performances through
the flexible and wide-range tunability of the passband flatness, as well as that of the gain, bandwidth,
center frequency, and quality factor.

Keywords: complex filter; bandpass filter; passband flatness; baseband analog processor; low-IF; RF
receiver; bluetooth; CMOS

1. Introduction

Bluetooth low energy (BLE) is a wireless communication technology for Internet-of-things (IoT)
applications that operates in the 2.4 GHz industrial scientific and medical (ISM) band. The low
intermediate frequency (low-IF) receiver architecture is widely adopted for CMOS RF receivers in
BLE applications because it can cope with flicker noise and dc offset issues more effectively than
zero-IF architecture. For low-IF RF receivers, analog complex bandpass filters (BPFs) are needed for
appropriate complex-domain baseband channel selection and filtering [1,2]. The complex filter allows
only the positive frequency bands to pass and suppresses the negative frequency bands. Complex BPFs
are usually realized by interconnecting two real-domain low-pass filters (LPFs) placed in in-phase and
quadrature-phase (I/Q) paths via some cross-coupling impedance components [3].

Many low-power CMOS complex BPFs have been reported for low-power wireless
applications [2,4-9]. To ensure a good sensitivity in the RF receiver, the complex BPF employed
is desired to have tunable bandwidth, quality (Q) factor, and gain, as illustrated in Figure 1a—c. The
bandwidth tuning (as shown in Figure 1a) is needed for faithful compliance to a standard-specified
channel bandwidth or the flexible support of several multi-mode bandwidths. The tuning of the
Q-factor, as shown in Figure 1b, allows the precise adjustment of the band-edge peaking profile. By
tuning the gain (as shown in Figure 1c), the BPF can effectively deal with wide variations of the received
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signal strength. Hence, most of the previous complex BPFs were designed to allow the tuning of the
three parameters or part of them [2,4-9]. The bandwidth tuning can be found in [4-6,9], and center
frequency tuning can be found in [4,5,9]. Balankutty et al. [2] reported a complex BPF with the gain,
bandwidth, center frequency, and Q tuning, as well as a simple reconfigurability to a real-domain LPF.
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Figure 1. Filter parameter tuning characteristics: (a) bandwidth, (b) quality factor, (c) gain, and (d)
passband flatness.

Nevertheless, most previous complex BPFs [2,4-9] have not allowed the tuning of passband gain
flatness (illustrated in Figure 1d), which is an important performance parameter in the analog baseband
filter. A flat gain profile in the passband is essential to minimizing the amplitude distortion of the
processed signal. Itis interesting to note that Wu and Chiu [10] reported an active-resistance-capacitance
(active-RC) real-domain BPF—although it was not a complex BPF—with measurement results for the
in-band flatness deviation, but never implemented its tunability. Lee et al. [11] and Gomez-Garcia
et al. [12] proposed a design method to improve the passband flatness, but it was limited only to
passive-type real-domain BPFs.

In [7], we reported preliminary circuit design results of a complex BPF for BLE [1] and
MedRadio [13] applications, but did not realize the passband flatness tuning capability. In this
work, we present a low-power complex BPF with a tunable in-band gain flatness, gain, bandwidth,
center frequency, and Q-factor. A transfer function analysis is carried out to prove the passband
flatness tuning mechanism in a biquad-based complex BPFE. Circuit design and implementation results
in CMOS are presented to demonstrate the circuit performances.

2. Circuit Design

Figure 2 shows the circuit diagram of the proposed biquad-based complex BPF, which exhibits
second-order complex bandpass filtering characteristics. As shown in the figure, the complex BPF
comprises two biquads in the I and Q paths that are cross-connected by two cross-coupling resistors
Rys and R,p. The biquad is based on a two-integrator-loop Tow-Thomas structure, which is widely
adopted for baseband LPF designs [14,15]. The biquad in Figure 2 is known as an inverted Tow-Thomas
structure since its lossless integrator part is placed before the lossy integrator part [16].
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Figure 2. Circuit diagram of the proposed complex filter.

In the rest of this section, we describe the transfer function analysis of the complex BPE. The
transfer function of the unit biquad (indicated by dashed box in Figure 2) is expressed in Equation
(1). The LPF has a cutoff frequency fc = 1/(2nC;R;), quality factor Q = R3/R;, and gain Av = Ry/R;. As
indicated in Figure 2, the passive components R, R3, and C; are designed in a switched array form so
that their values can be digitally tuned [14]. R; is set to a fixed value because changes in this value lead
to simultaneous changes of the cutoff frequency, quality factor, and gain.

1

CIR1R,
HLPP(S) = > 1 1 (1)
s°+ GRS + _C%Rﬁ

Figure 3 shows that shifting up the LPF response by a constant frequency value f, will transform
the original LPF response to a desired complex BPF response. The resulting transfer function is
obtained by substituting s with s — jw, in Equation (1), and written as Equation (2). Equation (2)
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indicates that the gain at the image-band when s = —w, is much lower than the gain at the desired-band
when s = +w,, and thus the desired image rejection can be obtained by the complex BPFE.

1
) CIR1R,
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Figure 3. Illustration of pole shifting in the complex domain.

The frequency shifting operation can be realized by cross-coupling the I and Q path signals via
the two cross-coupling resistors for the lossless OPA; and lossy OPA; integrators, which are denoted
by Rys and Ry, respectively (Figure 2). The frequency shift value w, of the complex BPF is determined
by the time constant involved with the cross-coupling resistors and its corresponding capacitors. It is
interesting to note that the complex BPFs reported in [4,6] had the same value for Ry, and R,p, whereas
those reported in [2,5] had different values for Ry, and R,p. Nevertheless, their designs were aimed
at equalizing the time constants and, consequently, the frequency shift values involved with Ry, and
R.p. However, the effect of setting Ry, and R, and their corresponding time constants to different
values on the frequency response of the complex BPF have not been reported. In this work, we set the
two cross-coupling resistors Ry, and Ry, and their corresponding time constants to different values to
observe their impact on the frequency response of the complex BPF.

To understand the effects of Ry, and R, on the passband flatness and other performance parameters
such as gain, bandwidth, and center frequency, a transfer function analysis that is more accurate
than Equation (2) is needed. This can be obtained by including the effects of different values of Ry,
and R,y. Figure 4 shows the circuit diagram of an I-path biquad filter, redrawn from Figure 2 after
simplifications. The differential signaling is converted to a single-ended form, the imaginary signals
fed from the Q-path part are expressed as jVy and jV,,t, and the phase inversion is simply expressed
by a negative unity gain buffer. Equations (3) and (4) are obtained by applying Kirchhoff’s current law
at the I/Q-path joint nodes A and B in Figure 4. By combining Equations (3) and (4), the total transfer
function of the complex BPF, Hcppr(s), can be obtained as Equation (5).
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Figure 4. Complex filter modeled in a single I/O structure.

With wes = 1/(RxC1) and wyp, = 1/(R,C1), Equation (5) can be rearranged to take a form similar to
that of Equation (2):

_1
CaR{Ry

(S - jwoa)(s - jwob) + ﬁ(s - jc‘)oa) + ﬁ

Heppr(s) = (6)

Compared to the transfer function given in Equation (2), which assumes a single frequency shift
value of jw,, Equation (6) indicates that jw, can be seen as split into the two different values jw,, and
jwep in the s% term of the denominator, while it can be seen as jwoa in the s term. Note that, in practice,
the difference between Ry, and Ry, as well between jw,,; and jw,p, should not be too large, but small
enough so that only a narrow range tuning of Ry, and Ry, should be sufficient for fine adjustment of
the gain flatness.

We compare the magnitudes of Hcppr(s) of Equation (6) at s = jw,, and jw,. Equations (7) and
(8) are the expressions for |Hceppr(jwoea)| and |Heppr(jwep)l, respectively. It is interesting to note that
|[Hcppr(jwoa)| is always greater than |Heppr(jw,p)|, while they are the same when Ry, = Ry, as observed
in the conventional design represented by Equation (2).

Ry

|HCBPF(jw0a)‘ = R_l (7)

R 1
|Heppr (jwe)| = == - ®)

Ry 4 2
VR (- )

We examine the impact of different values of [Hcppr(s)| at s = jwo, and jw,, on the passband
flatness. Figure 5 shows three possible cases where the two frequency shift values f,, and f,j, are given
by 1/(2nRy,Cq) and 1/(2nR,;,C1), respectively. First, Figure 5a shows the conventional design when
Rxa = Ry, where fy, and f,), are the same. Figure 5b,c shows that different values of Ry; and R, lead
to different values of f,; and f,;, respectively. Because |Hcppr(s)| is always higher at s = jw,, than at s
= jwep, as implied by Equations (7) and (8), the passband gain profile should always be slanted up
from f,, toward f,;. Therefore, Ry; and R,;, can be tuned to adjust the passband gain profile flatness.

Meanwhile, it should be pointed out that simply equalizing Ry, and Ry}, cannot guarantee a perfectly
flat passband in practice, owing to the variability and non-uniformity of the CMOS fabrication process.
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Therefore, some level of independent tuning of Ry, and Ry, as proposed in this work is instrumental in
CMOS implementations of the complex BPFs.

foa=fob foa> fob foa <fop

v
v
v

foa; fob fob foa foa fob

(a) (b) (c)
Figure 5. Passband flatness control: (a) fou = fob, (b) for > fob, (€) foa < fob-

The passband flatness tunability via Ry, and Ry, is verified by the numerical computation of the
transfer function given in Equation (5). Figure 6 shows the computed gain characteristic curves with
Ry, and Ry, set in the range of 45-65 k() and R; = 50 k), R, = 82 k), R3 =58 k), and C; = 1.5 pF. As
can be seen, when R, is greater than Ry, the passband gain profile becomes slanted up toward the high
frequency region, as also indicated by Figure 5b. Further, when Ry, is greater than R,y, the passband
gain profile becomes slanted down toward the high frequency region, as also indicated by Figure 5c.
When Ry, and R,y are both set to 55 k(2, the passband gain profile shows very flat characteristics.
However, as discussed above, such a perfect flat condition would never occur after practical CMOS
implementations due to the process variability and non-uniformity. Thus, the independent tuning
scheme of Ry, and Ry, should be very effective to improving the passband gain profile flatness.
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Figure 6. Computed passband gain profiles.

We designed a fourth-order baseband analog processor by employing the proposed complex
BPFE. The block diagram is shown in Figure 7. It is designed to perform complex bandpass filtering
and amplification for a BLE low-IF RF receiver. Considering the BLE standard specifications [17], the
passband bandwidth is designed to cover 2 MHz, and its center frequency is simultaneously tuned to
the same value of the bandwidth. The baseband analog processor is composed of two complex BPFs
and three variable-gain amplifiers. The three variable-gain amplifiers and two biquads are placed
alternately to maximize the overall dynamic range and sensitivity. Because the total baseband analog
processor employs two complex biquad-based BPFs, it has fourth-order Butterworth bandpass filtering
characteristic with image rejection at the negative frequency band. On-chip dc-blocking capacitors Cy,
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of 10 pF are used to remove dc components, as the desired band resides in the low IF region away
from dc. The variable-gain amplifier is designed in a conventional inverting amplifier structure. The
gain control ranges of the first, second, and third variable-gain amplifiers are 0-12 dB with a 6 dB
step, —3-9 dB with a 3 dB step, and —9-9 dB with a 3 dB step, respectively. The corner frequencies
of the variable-gain amplifiers are set to 8 MHz, which is wide enough not to alter the overall BPF
bandwidth. The complex BPF has a gain tuning range of —2 to 10 dB. The total gain control range of
the full baseband analog process is +66 dB, from —16 to 50 dB.

r————/1 Cb [———=—1 Cb
I | | |
Vinli ° > ! % _[_”_— I % -f_”_— Vout,i
° = T*W&. ~ ﬁvéj
| | | :
| | |
o I T W~ I_”__ L] —~— _I[_”__
Ving o > T~ |1 ]~ i Voutg
I E s |
VGAL CBPF1 VGA2 CBPF2 VGA3

Figure 7. Block diagram of the baseband analog processor.

A total of 14 operational amplifiers are used for the total baseband analog processor shown in
Figure 7. Figure 8 shows the circuit diagram of a unit operational amplifier, which is a fully differential
two-stage amplifier with a common-mode feedback for dc-level stabilization. The operational amplifier
dissipates approximately 100 pA on average (the actual current dissipations of the 14 operational
amplifiers were optimized separately and ranged from 80 to 110 pA), for which 40 pA is dissipated
by the input differential pair M; 5, 45 pA is dissipated for the common-source stage Ms¢, 10 pA is
dissipated for the common-mode feedback stage My 15, and 5 pA is dissipated for the biasing current
mirror stage M15. Simulations show that the opamp has an open-loop gain of 56.2 dB, a gain bandwidth
product of 80.4 MHz, and a phase margin greater than 87.6° for the differential and common modes.
The frequency compensation components are R, =2 k), C. =900 {F, Rf = 410 k(Q2, and C¢ = 200 fF.
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Figure 8. Circuit schematic of the operational amplifier.
3. Implementation Results

The baseband analog processor shown in Figure 7 was fabricated in a 65nm RF CMOS process.
Figure 9a,b shows the layout and micrograph of the fabricated chip. The total active area excluding
the pad and electrostatic discharge cell frame is 750 X 250 um?. The fabricated circuit was tested after
mounting and wire-bonding directly on a printed circuit board. The internal digital register values
of the circuit were controlled using a serial peripheral interface. With a 1 V supply, the total current
dissipation was found to be 1.4 mA, which originated from the 14 operational amplifiers as well as the
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additional biasing blocks. It should be pointed out that the total current dissipation of this circuit did
not change at all for all the bandwidth, center frequency, Q, and passband flatness tuning conditions.
The layout symmetry in the differential signal path and the I/Q path was maintained as high as possible
to minimize the unwanted degradation of the image rejection and I/Q signal mismatch.
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Figure 9. The fabricated analog baseband processor: (a) layout and (b) micrograph.

The filter tuning characteristics were tested by applying single-tone I/Q signals at the input by
using a signal generator, and measuring the output spectrum at the output by using a spectrum
analyzer. Figure 10a,b shows the bandwidth tuning characteristics obtained from simulations and
measurements, respectively. As shown in the figures, the simulation and measurement results are
in good agreement. The bandwidth tuning was performed by 4-bit C; tuning from 0.787 to 2.1 pF
and resulted in 16 curves. As shown in Figure 10b, the tuning ranges of the bandwidth and center
frequency were 1.4-3.9 and 1.5-4.1 MHz, respectively. These results confirm that the center frequency
can be set to the same value as that of the bandwidth, as required by typical BLE low-IF receivers.
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Figure 10. Bandwidth tuning characteristics obtained by (a) simulations and (b) measurements.

Figure 11a,b shows the gain tuning characteristics obtained from simulations and measurements,
respectively. The figures show that, in total, there were 23 digitally controlled gain curves with the
center frequency and bandwidth both set to the nominal value of 2 MHz, as required by the BLE
standard [17]. The gain control range was —15.6 to 50.6 dB, and excellent agreements were observed
between the simulation and measurement results. Figure 11 also demonstrates the image rejection
performances by simultaneously showing gain characteristics at the negative and positive frequency
regions. The actual measurements for the negative frequency region characteristics were performed by
exchanging the I and Q path signal phases. The image rejection ratio was evaluated by comparing the
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gains at a given center frequency and at its negative counterpart. Thus, when the center frequency and
bandwidth were set to 2 MHz, the two gain values at +2 and —2 MHz provided the image rejection
ratio. Figure 12 shows a particular measured spectrum demonstrating the image signal rejection.
The higher and lower tones represent the desired signal at +2 MHz and the image signal at -2 MHz,
respectively. An image rejection of 53 dBc can be observed. The image rejection performances over the
total gain tuning ranges were found to be 40.3-53.3 dBc.

60

40}

20

Gain (dB)
o
Gain (dB)

Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 11. Gain tuning and image rejection characteristics obtained by (a) simulations and
(b) measurements.
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Figure 12. Measured image rejection ratio.

Figure 13a,b shows the passband gain flatness tuning results obtained by simulations and
measurements, respectively, with the results in excellent agreement. The bandwidth and center
frequency were set to the nominal value of 2 MHz. Five gain profile curves are shown in the figure with
Ryp tuned in five steps of 40, 43, 48, 52, and 55 k(), and Ry, fixed to 52 kQ). It should be pointed out that
the actual tuning resolutions of Ry, and Ry}, were designed as 3- and 4-bit, respectively, so that much
finer tuning than Figure 13 was possible when needed in practice. It can be observed that the gain
difference at the low- and high-end cutoff frequencies could be tuned from —1.0 to +1.0 dB. In addition,
as verified by the analytic and computational results in Section 2, we found that as R, increased, the
passband gain profile gradually changed from being slanted downward to upward. These results
imply that when the passband gain flatness is not satisfactory after CMOS implementation because of
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possible process variability and non-uniformity, the passband gain profile can be finely adjusted for
maximal flatness by on-chip tuning.
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Figure 13. Passband gain flatness tuning characteristics obtained by (a) simulations and
(b) measurements.

The evaluated performances are summarized and compared with those of recently reported
complex BPFs, and the results are shown in Table 1. The results demonstrate that the proposed baseband
analog processor had a very wide tuning capability of the gain, bandwidth, and center frequency.
Moreover, to the best of our knowledge, it was the first to support passband gain flatness tuning. The
wide and flexible tuning capabilities of the gain, bandwidth, center frequency, and passband flatness
of this baseband analog processor were expected to allow high selectivity and sensitivity performance
in low-power CMOS low-IF RF receivers for BLE applications.

Table 1. Performance summary and comparison.

This Work [4] [5] [6] [8] [91 [10]
Architecture Active-RC  Active-RC  Active-RC  Active-RC Gm-C$ Gm-C Active-RC
Filter order 4th 4th 4th 5th 8th 5th 8th
Center frequency (MHz) 1.5-4.1 0/1/1.5/2 14-2.7 0.35 25 1.75/2.5/5 85-225
Bandwidth (MHz) 1.4-39 1-157 0.8-1.5% 0.06/0.18 2.4 1.5/2.14/4.28 7-56
Gain (dB) -15.6-50.6 12 12 0 9 -3t 0-20
Image rejection ratio (dBc) 40.3-53.3 52 52 40 42 32 na. t
Passband flatness tuning Yes No No No No No No
Power dissipation (mW) 14 10.5 54 19.5 3.6 5.8 49.5
Supply voltage 1 1.5 1.8 1.3 1.2 1.2 1.5
Chip area (mm?2) 0.19 0.55 0.2 1.1 0.45 0.7 0.32
CMOS process (nm) 65 130 180 130 90 130 40

§ transconductance-capacitance, * read from a measured plot, n.a. not applicable, ¥ real-domain filter (not a complex
filter).

4. Conclusions

Through transfer function analysis and computational verifications, we showed that the passband
gain flatness profile of a biquad-structure complex BPF could be effectively controlled by independently
controlling two cross-coupling resistors. With the biquad-structure complex BPF, we implemented
a fourth-order Butterworth-type complex-bandpass-filtering baseband analog processor for BLE
applications. The baseband analog processor was designed in a 65 nm RF CMOS and exhibited flexible
and wide-range tuning capability at gains of —15.6 to 50.6 dB, bandwidths of 1.4-3.9 MHz, center
frequencies of 1.5-4.1 MHz, and a passband flatness of —1 to 1 dB. Image rejection ratios of 40.3-53.3
dB were observed. The proposed CMOS design of the complex BPF could be employed to develop
high-performance low-IF RF receivers for BLE and IoT applications.
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