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Abstract—Broadband dynamic spectrum access in the sub-GHz
band emerges as a potential solution for deploying low-cost
range-enhanced wireless connectivity, suitable for under/less-developed countries. This paper describes a sub-GHz wireless
transmitter (TX) with an integrated multi-class-linearized
power ampliﬁer (PA) compliant with the IEEE 802.11af wireless
local-area network. It features a wideband in-phase/quadrature
(I/Q) modulator exploiting two-stage 6-/14-path harmonic-rejection mixers plus
low-pass ﬁlters to manage the
spurs emission induced by hard-switched mixing. The entailed
8/16-phase local oscillator (LO) is generated by injection-locked
phase correctors plus frequency dividers to relax the frequency
and tuning range of the reference LO. The linearized PA features
overdriven-class-A/B/C cells to balance the power efﬁciency and
linearity; a dual-gate input pair to enlarge the linear gain range;
and a wideband low-impedance ground at the second harmonic
to suppress the harmonic distortion and ground bounces. The
wideband I/Q imbalance and LO feedthrough are resolved by
automatic digital calibration, which incorporates time-domain
parameter estimation for better computational efﬁciency. Benchmarking with the recent art, this
solution fabricated in
65-nm CMOS exhibits higher system power efﬁciency (from 7.4%
12.5 to
to 18.5%) and 1-dB compression point (from
16.3 dBm). When delivering a 64-QAM orthogonal frequency
10 dBm, the chip demonstrates
division multiplexing signal at
sufﬁciently low noise ﬂoor ( 143 dBc/Hz), adjacent channel
40 dB), and error vector magnitude
3.7%
leakage ratio (
fulﬁlling the speciﬁcations.
Index Terms—Adjacent channel leakage ratio (ACLR), CMOS,
low-pass ﬁlter, harmonic rejection
digital calibration,
mixer (HRM), harmonic rejection ratio (HRR), IEEE 802.11af,
image rejection ratio (IRR), in-phase/quadrature (I/Q) imbalance,
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I. INTRODUCTION

A

S sub-GHz band propagation features lower path loss and
better penetration to obstacles such as walls and ﬂoors,
IEEE 802.11af [1] is emerged as a low-cost range-enhanced
wireless local-area network (WLAN) for opportunistic use of
the sub-GHz band to supplement the legacy at the 2.4- and
5-GHz bands. For instance, at a 16-dBm transmitter (TX)’s
output power, the sub-GHz band WLAN can theoretically
cover a distance of 600 m for the receiver to have an 8-dB
signal-to-noise ratio, which is much wider than the 250 m at
2.4 GHz and 150 m at 5 GHz [2]. Yet, due to the coexistence
of many incumbent users distributed over a 10 -wide (from
54 to 862 MHz) sub-GHz band spectrum, it is challenging
to develop a wideband TX with high output-spectrum purity,
especially with an integrated power ampliﬁer (PA) that has a
tight tradeoff between the power efﬁciency and linearity. This
paper introduces a number of wideband TX and PA design
techniques, aiming to minimize the unwanted spurs emission
with less external ﬁltering, while fulﬁlling the noise ﬂoor, spectral mask, and error vector magnitude (EVM) speciﬁcations
without sacriﬁcing the power efﬁciency.
The spectrum purity of a wideband TX can be limited by
the presence of various circuit nonidealities. The nature and
frequency relationship of those unwanted spurs with respect
to the fundamental signal
are depicted in Fig. 1, where
the prospective solving techniques are outlined. The in-band
spurs are mainly the image leakage at
and LO feedthrough
(LOFT) at
associated with the wideband in-phase/quadrature (I/Q) modulator (MOD). Both the image rejection ratio
(IRR) and LO-leakage rejection ratio (LRR) can be addressed
by digital calibration as the image is mainly due to I/Q imbalances, whereas the LOFT is originated from component mismatches and LO coupling. To be described later, we propose
a time-domain parameter estimation scheme together with a
simple envelope detector to allow closed-loop I/Q-LOFT calibration, automatically correcting the frequency-dependent mismatches throughout the sub-GHz band.
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Fig. 1. Spectrum purity of a wideband
under a single-tone output (at
). The spurs are due to various circuit nonidealities and are addressed here
by combining wideband circuit and auto-calibration techniques.

In the MOD, the third-order nonlinearity
of
the mixer and baseband (BB) circuitry can generate a sideband
spur at
(and its image at
. Together
with the AM–AM and AM-PM distortion characteristics of
the PA (not included in Fig. 1 for clarity) that affects both
adjacent channel leakage ratio (ACLR) and EVM when delivering a modulation signal, a one-shot digital predistortion
(DPD) scheme for the sub-GHz band is proposed. It is based
on the Volterra-series model to address the memory-effect-like
interaction between counter-intermodulation [3], frequency-dependent I/Q imbalance [4], and PA nonlinearities [5] in one
combined process. The theory is detailed in [6]. The PA
nonlinearity can also create out-band third-order harmonic
distortion (e.g.,
), posing a tight tradeoff between
the power efﬁciency and spectrum purity. To address this,
a multi-class-linearized PA (MCL-PA) [7], [8] combining
overdriven-class-A, class-B, and class-C cells is proposed.
It also features a dual-gate input to enhance the linear gain
range, and a wideband low-impedance (low- ) ground at the
second harmonic [9], [10] to suppress the
and ground
bounces.
The out-band spurs at
and
are induced by
the hard-switching mixers of the MOD, which can be alleviated
via a multi-path harmonic-rejection mixer (HRM). Expanding
the number of HRM paths can reject more harmonics, but penalizing the circuit complexity, while the harmonic rejection ratio
(HRR) can be limited by both gain and phase mismatches. For
instance, a 6-path HRM (6P-HRM) [11] can suppress the critical third and ﬁfth harmonics by 35 dB under typical 1% gain
and 1 LO phase errors. The 18-path HRM [12] can suppress
harmonics up to the 15th by 40 dB, but requiring 18-path BB
inputs and an 18-phase 33%-duty-cycle LO, which degrades the
power and area efﬁciencies. Although a GHz-bandwidth (BW)
digital-to-analog converter (DAC) [13] can serve as a wideband TX to avoid harmonic mixing, I/Q mismatch, and LOFT,
a high-speed I/O interface (9 bits 8 channels at 625 MS/s) is
required to achieve a clean spectrum (
58 dBc), while
a high output power ( 11 dBm) consumes substantial static
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power (375 mW at a 2.2-GHz BW). Moreover, wideband RF
DPD calibration is required to achieve high linearity over the
entire frequency band [14].
In this work, a cooperative use of the HRM and RF ﬁlter
secures a high HRR throughout the sub-GHz band, while relaxing the required LO phase accuracy. The RF ﬁlter also suppresses the third harmonic of the LOFT at
that can be
harmful owing to possible component mismatches among the
mixer cells. This work achieves an HRR of 60 dB, which outperforms [15] with harmonic rejection mixer and active LC ﬁlter,
and [16] with polyphase mixing and RC ﬁlter at the output stage.
Comparing with [17], this work integrates an on-chip PA to deliver higher power and removes the capacitor–inductor–capacitor (CLC) ﬁlter to save chip area without sacriﬁcing the harmonic rejection and linearity. By utilizing the
-linearization technique and wideband low- ground, this work achieves
better linearity and power efﬁciency than [16], while [15] also
relies on an off-chip PA to deliver a 10-dBm output power.
Comparing with the prior art [15]–[17], this work advances most
metrics while meeting the noise ﬂoor, spectral mask, and EVM
of the IEEE 802.11af standard.
This paper is organized as follows. The TX architecture and
frequency plan are presented in Section II, and the key building
blocks are detailed in Section III. The I/Q-LOFT calibration
algorithm is described in Section IV and the noise analysis is
given in Section V. The experimental results are summarized in
Section VI, and the conclusions are drawn in Section VII.
II. PROPOSED TX ARCHITECTURE AND FREQUENCY PLAN
Fig. 2 depicts the proposed TX architecture. The signal paths
are differential to stem all even harmonics. The BB data (
and
) are inputted to the MOD via two off-chip DACs. To
manage the MOD’s spurs emission, the sub-GHz band is divided
into lower (from 54 to 432 MHz) and upper (from 432 to 864
MHz) sub-bands, served by two-stage 14P-HRM and 6P-HRM,
respectively. The two-stage HRM realization [18] desensitizes
the HRR to gain mismatch thanks to the multiplicative effect of
stage errors. The ﬁrst stage involves pre-gain ratios embedded
into the BB ﬁrst-order passive-RC low-pass ﬁlters (
,
whereas the second stage features post-gain ratios realized with
the RF second-order
low-pass ﬁlters
.
To generate a staircase LO waveform with certain harmonics
not present, the two-stage 14P-HRM is driven by a 16-phase
LO for 22.5 phase-shift resolution. With it, LO harmonics up
to the 13th can be rejected
MHz
MHz . The
selected pre-gain ratios are [1/5 : 1/2 : 5/8 : 3/5 : 5/8 : 1/2 : 1/5] to
ﬁt the realization of passive-RC
with internal resistive
dividers [17]. The required post-gain ratios at RF are integer
values [4 : 3 : 4] easing the component matching. They together
approximate the irrational gain ratios
with 0.1%
relative error.
Similarly, the pre-gain ratios are [2/5 : 3/5 : 2/5] and post-gain
ratios are [5: 7 : 5] for the two-stage 6P-HRM. Together they
approach the irrational gain ratios
with 0.1% relative error. Driven by an 8-phase LO with 45
phase resolution, the LO harmonics up to the ﬁfth can be rejected
MHz
GHz .
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Fig. 2. Proposed wideband
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with automatic I/Q-LOFT calibration in a closed-loop form.

To relax the phase accuracy of the required 8-/16-phase LO
generator (LOG) and handle the rest harmonics (e.g., intrinsic
dB), simulation results shows that post RF ﬁltering
contributes another 19-dB (45 dB) rejection
to
. Hence, for an overall HRR of 60 dB, the
matching accuracy of the LOG is relaxed to secure only 41-dB
HRR. Two chains of direct-injection-locked 4-/8-phase phase
corrector (4PC/8PC) are incorporated with even-ratio-only frequency dividers to cover the sub-GHz band, while relaxing the
frequency and tuning range of the reference LO
. The
six-stage 8PC chain generates the 8-phase LO for the upper
sub-band, whereas the ﬁve-stage 4PC chain with division offers
the 16-phase LO for the lower sub-band. To meet the relaxed
target of 41 dB, the required root means square (rms)
phase error for the whole band is 2.0 .
The
generated by the MOD can be handled by
, rendering the overall
dominated by the PA.
To suppress it, a highly linear inverter-based driver ampliﬁer
followed by an MCL-PA is proposed. The latter
employs a speciﬁc low- ground at the second harmonic to
further suppress its
.
To validate the performance of the MOD, the MOD is
followed by another drive ampliﬁer
before output
buffering. Also, to jointly calibrate the I/Q mismatch and
LOFT in a closed-loop form, an envelope detector is added
to sense the output of
and deliver
for the
digital back-end implemented in the ﬁeld-programmable gate
array (FPGA). The correction parameters are applied to the

BB source data, which can further include DPD to enhance
the ACLR and EVM. The key building blocks are introduced
below.
III. CIRCUIT IMPLEMENTATION
A.

Low-Pass Filter (

)

The circuit implementation of the MOD has been detailed
in [17], except the RF ﬁlters
, which are replaced
here by second-order
low-pass ﬁlters (Fig. 3). Their
frequency response can be derived as
(1)
where the BW
tively,

and quality factor ( ) are given by, respec-

(2)
at different RF frequencies while keeping
To meet 19-dB
a constant , the
features a tunable BW from 60 to
524 MHz with
and
switched from between 1.0 to
13.3 pF and from 0.828 to 6.4 pF, respectively. For the
,
the tunable BW is from 520 to 1030 MHz, realized with
and
switched from between 0.556 to 1.5 pF and from 82 fF
to 393 fF, respectively. With four control bits, the 16 BW steps
can be linked with the LO bands for automatic selection.
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Fig. 3. Block diagram of the
- ﬁlter for
.
features a
triple-input structure to realize the post-gain ratios required for the MOD.

are common-source ampliﬁers, while
and
are resistively degenerated to improve the linearity.
To support the two-stage 6P-/14P-HRM,
features a
triple-input structure to realize the post-gain ratios for the lower
and upper sub-bands. Unlike [17] entailing three passive-RC
LPFs, here the matching is simpliﬁed to involve only three
input transistors of
, minimizing the routing mismatches
in layout.
Although the passive-RC ﬁlter in [17] seems more power efﬁcient (7.7 mW, plus its buffer), it induces a passband loss of
3 dB. The
ﬁlter (22 mW) here avoids the passband
loss, resulting in better TX power efﬁciency and linearity. For
instance, at the nominal output power the
of the passive-RC
ﬁlter in [17] is 45 dBc, limited by the MOS switches for BW
tuning, as they experience a larger signal swing than the proposed
ﬁlter. The proposed
ﬁlter shows a simulated
of 51 dBc, while its in-band group-delay variation
is compensated by the memory DPD.
B. Driver Amplifier
The
is a common-source cascode ampliﬁer with
a resistive load. To deliver a 15-dBm output power with
dBc, the output
of the
ﬁlter
can be relaxed to 13 dBm thanks to the gain (10.8 dB) of the
DA. For testability, the DA is followed by an on-chip buffer
to drive the 50- equipment. The simulated
of the
is from 17.9 to 18.3 dBm, which implies
that the linearity of the
is primarily limited
by the
.
C. Multi-Stage PA-Driver Amplifier

and MCL-PA

Fig. 4(a) shows the proposed multi-stage PA. It is composed
of a
followed an MCL-PA. Inside the
, it further
includes a pre-driver ampliﬁer (PDA), large-gain
, and
small-gain
driver ampliﬁers; all are inverter-like ampliﬁers self-biased with resistive feedback [19]. The
of the
DAs is designed to be
60 dBc at the desired output level
through feedback mechanism so as not to degrade the overall
linearity of the PA [20]. The gain of the
can be adjusted
by the tranconductance ratio without extra power consumption.
The simulated voltage gains of the large- and small-gain paths
are 19.7 and 14.9 dB, respectively.
The linearity of the output stage is guaranteed by the
MCL-PA, where optimum class-A, class-B, and class-C cells
are parallelized to ﬂatten the transconductance over a large
input swing, as shown in Fig. 4(b). Each transconductance
is simulated when all the PAs cells are connected since the
cells affect each other at the shared drain node. Typically, the

Fig. 4. (a) Proposed PA features a
tion of the MCL-PA’s transconductance.

to drive the MCL-PA. (b) Composi-

simulated
of the MCL-PA is
50 dBc at 15-dBm output
power. With 500-run PVT Monte Carlo simulations, only 0.2%
of the samples has a
dBc. However, through a
1-bit (
V) calibration for the thick-oxide bias,
dBc can be achieved for all 500 runs. Also,
careful layout is essential for matching the three cells, and the
robustness of the MCL-PA can be conﬁrmed.
In terms of power efﬁciency, one may use only class-B/C
cells in parallel for the MCL-PA. Yet, the MCL-PA cannot be
effectively linearized without a class-A cell since the harmonic
distortion is mainly affected by the ﬂatness of the trans-conductance at small input swing [5], [21]. To improve the power
efﬁciency of the class-A cell, it is overdriven by increasing its
input swing using the
and the transistors’ sizes in the
class-A cell can be smaller. Thus, the class-A cell can enter
the triode region faster due to the larger overdrive voltage to
reduce its dc current. This conﬁguration is frequently applied
for constant envelope applications [22]. For the proposed
nonconstant envelope MCL-PA, the overdriven-class-A cell
also enters the triode region faster, and the linear ampliﬁcation is handed by the class-B and class-C cells at large input
swing. Here, the MCL-PA is comprised by overdriven class-A,
class-B, and class-C cells to extend the linear transconductance
range [see Fig. 5(a)]. The required voltage gain of the
is
1.76 to that of the
. Comparing with the typical class-A
cell, the channel width of transistors
m)
and
m) can be signiﬁcantly reduced for
the overdriven-class-A cell. The simulated dc current of the
MCL-PA can be reduced from 73.3 to 54.6 mA at a 10-dBm
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41.34 mS, 35.83 mS, 68.83 , and 82.05 at the linear region,
respectively, so that
. The simulated drain
currents of the MCL-PA with dual-gate and one-gate inputs
are plotted in Fig. 5(b). The transconductance ratio is 1.33
at the linear region, which matches to the calculated
.
Moreover, the linear region is also increased by the dual-gate
inputs since it can prevent the stacked MOSs
from entering the cutoff region while keeping the bias
low to reduce the dc current. With a larger transconductance of
the MCL-PA, the output swing of the
can be reduced to
improve the overall linearity.
For output-impedance matching over the sub-GHz band, an
off-chip wideband transformer with an impedance ratio of 1 :
1 was employed. The differential PA can boost up the output
power and minimize the ground noise generated by the source
current. To further enlarge the output power, the supply voltage
can be elevated according to the time-dependent dielectric breakdown condition [23], i.e., the rms voltage across each
transistor must not exceed the rated values given in the Process
Design Rule Manual. Herein the triple-cascode topology eases
the use of an elevated
. The rms voltage of the full-swing
single-ended output
is calculated for reliability concerns. From simulations,
at angular frequency
can be
expressed as
(4)

where
is the amplitude of the differential output voltage.
The rms value of
is
.
(2 V) is equal
to the dc value of
so that
is
. Thus,
the maximum rms output voltage is
. With two
thin-oxide devices (
and
) and a thick-oxide device
stacked together, the maximum rms drain–source
voltage can be theoretically up to 4.9 V [24].
Fig. 5. (a) Schematic of the proposed MCL-PA. It features a novel dual-input
structure to enhance and enlarge the linear gain range of the MCL-PA as plotted
in (b) where the drain currents under one- and dual-gate inputs are compared.

output power, and from 69.1 to 49.1 mA at the quiescent
condition by applying the overdriven-class-A cell.
The dual-gate input enhances the transconductance and enlarges the linear region of the MCL-PA at the expense of input
capacitance (more tolerable in this work for sub-GHz operation). The two cascode thin-oxide transistors are both driven by
and
. Considering the overdriven-class-A cell, the
transconductance ratio
of the dual-gate input
to
the one-gate input
is calculated as

(3)
is the transconductance of
, and
is the output resistance of
. The simulated
small-signal parameters
,
,
, and
are
where

D. Wideband Low-

Ground

The differential PA induces a strong second harmonic curto its ground, which results in a second harmonic
rent
voltage over the bondwire degrading the gain and linearity of
the MCL-PA, while inducing more ground bounces to the substrate. Unlike the narrowband second harmonic termination in
[10], the proposed wideband low- ground [see Fig. 6(a)] involves four dc and four ac grounds in parallel to lower the
ground impedance at high frequency so as to reduce the ground
effect at the second harmonic of the transmitted signal. Each dc
ground is connected off-chip via a bondwire, whereas each ac
ground features a MOS capacitor in series with the bondwire
forming a low impedance path for
. The bondwire is modeled as an inductor
, and thus the equivalent model of
the low- ground is shown in Fig. 6(b). The LC networks introduce four notches at 110, 450, 850, and 1150 MHz to achieve
wideband-ﬂat impedance, as shown in Fig. 6(c), where the result
obtained with eight dc grounds is also plotted for comparison.
For the former, the low-frequency ground is raised due to fewer
dc grounds, but more importantly, the high-frequency ground
impedance is ﬂattened and reduced. The simulated
of the
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Fig. 6. (a) Schematic of the low- ground and (b) its equivalent circuit. Simulated: (c) impedance of the lowdc-GNDs (proposed) and eight dc-GNDs (typical).

ground and (d)

using four ac-GNDs

4

MCL-PA is plotted in Fig. 6(d). Note that the input amplitude
of the MCL-PA has to be increased with frequency to secure an
output power
10 dBm. The simulated
of the MCL-PA
with low- ground ranges from 51.5 to 37.5 dBc, and is improved by 4.9 dB at 800 MHz in comparing with the eight dc
grounds.
IV. I/Q-LOFT CALIBRATION ALGORITHM
I/Q imbalance and LOFT can be calibrated by sensing the
impairments via a receiver [25] or an envelope detector [26],
[27]. The accuracy of the former is inherently limited by the
I/Q imbalance of the receiver, while the latter requires taking
fast Fourier transform (FFT) of the detected signal to extract
the frequency domain information. For each calibration step, a
2048-point FFT has to be performed by an added-on DSP, complicating the realization. Moreover, a 2-D lookup table (LUT)
has to be trained for calibration, which demands large power
and long training time.
In contrast, the proposed I/Q-LOFT calibration algorithm
(Fig. 7) estimates the impairments directly in the time domain.
Before the training stage, the estimated parameters of gain
and phase
imbalances, and the magnitude
and phase
of the LOFT, are preset.
indicates the total delay of the
MOD and the envelope detector. A single-tone I/Q BB signal
is generated to train the I/Q imbalance and LOFT of
the MOD. The distorted signal
can be modeled in BB
as
(5)

Fig. 7. Block diagram of the digital I/Q-LOFT calibration.

In order to accurately detect the small envelope signal
generated by I/Q imbalance and LOFT, the envelope detector
(Fig. 8) senses the envelope of
with a voltage gain of
11.8 dB over a 50- load. The LOFT and I/Q image are mapped
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Fig. 8. Envelop detector extracts the I/Q imbalance and LOFT.

to
and
in the envelope, respectively.
and
generate the envelope of the input signal and are followed by a
common-source ampliﬁer and passive-RC low-pass ﬁlter. The
3-dB BW of the latter is set at 1 MHz to provide 65-dB
rejection at the LO’s second harmonic. A proper bias level
ensures the detector is working in the linear region, and
it can be modeled as
(6)
Expanding (6),

determines the convergence speed under a stable condition.
The step-size is designed to be 1/128 to reduce the computational complexity. Updating in each training step entails eight
cycles of an 80-MHz clock. converges after 12 000 training
steps (1.2 ms), which is considerably faster than the adaptive
decorrelation method that requires from 3 to 4 ms [28]. Two
Coordinate Rotation Digital Computer (CORDIC) [29] operators are exploited to calculate the square root of
and , as
stated in (8). For hardware savings, the CORDICs are reused
twice to calculate the two divisions, arcsine and arccosine.
V. OUTPUT NOISE FLOOR

(7)
the error term
is deﬁned as

between the detected envelope and the input

The output noise of the
is simulated. The
in-band noise ﬂoor is 149 dBc/Hz when delivering a 5-dBm
RF at 54 MHz. It is dominated by the source–follower buffers
(
and
) and the output noise induced by
can be derived as

(8)
where

and
. The “1” in
accounts for the magnitude of the LOFT. By minimizing
the cost function:
, where
represents
the complex conjugate. The vector
is trained by least
mean square (LMS) algorithm with the step size , which can
be expressed as
(9)
The impairment parameters are calculated as

(11)
where

is the gain of the
,
and
are the transconductance and output resistance of the
input (load) transistors of the
, respectively. The
calculated output noise of
is 152 dBc/Hz
at
K.
The output noise of the PA is dominated by the PDA. From
simulations, the in-band noise ﬂoor of the
is
146 dBc/Hz when delivering a 10-dBm RF at 54 MHz in
which 56% is contributed by
(
and
). The
output-referred noise of the
is expressed as

(10)
in
is not correlated to the BB
Note that only the terms
input, which implies the
of the detector output has most of
the projection on
at the LMS training stage. Thus, the
of the detector mainly inﬂuences the accuracy of the LOFT estimation, but not that of the I/Q imbalance. The timing diagram
for the entire calibration is shown in Fig. 9.
and the
delayed BB signal are the input of the LMS algorithm.
requires 15-bit resolution to estimate the impairment parameters.

(12)
is the gain of the PA,
is the gain from
(see Fig. 4),
is the gain of
,
and
are the transconductances of
and
,
respectively. The output noise of the
is calculated
to be 149 dBc/Hz at
K.

where

to
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Fig. 9. Timing diagram of the proposed I/Q-LOFT calibration using time-domain parameter estimation.

Fig. 11. Test setup of the

.

Fig. 10. Chip micrograph of the fabricated TX in 65-nm CMOS.

VI. EXPERIMENTAL RESULTS
Prototypes of the TX were fabricated in ST 65-nm CMOS.
The chip micrograph is depicted in Fig. 10. The active areas are
0.54 mm for
, and 1.03 mm for
.
The test setup is shown in Fig. 11. In-band HRR, output
, and power efﬁciency were measured by
single-tone tests, whereas
was measured by two-tone
tests. The two tones are located at 500 and 600 kHz. The BB
I/Q test signals are provided by the two off-chip DACs, with a
100-MHz sampling frequency for tone generation, or a 96-MHz
sampling frequency for 6-MHz BW 64-QAM OFDM signal
generation. The latter input signal is used to measure the drain
efﬁciency (DE), EVM, and ACLR. The
is generated by
the Agilent E4438C signal generator. The wideband output
spectrum and noise ﬂoor are measured by the Agilent N9030A

Fig. 12. Measured HRR over 12 available samples.

signal analyzer, and the EVM is computed in MATLAB, with
the data captured from the Agilent DSO91304A oscilloscope.
A.
The
consumes 63.8 mW at 54 MHz,
and up to 87.2 mW at 864 MHz. The frequency coverage
of 6P-HRM and 14P-HRM overlaps at 432 MHz. To
save power, 14P-HRM was chosen to cover from the 432to 500-MHz range, but requiring a wider
frequency
range (from 0.432 to 1 GHz). The upper limit of 500 MHz
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Fig. 13. Measured far-out spectrum of the
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at 54 MHz.

Fig. 14. Measured IRR (upper) and LRR (lower) with and without calibration.

is related to the stopband attenuation of the
ﬁlter.
The uncalibrated in-band HRR measures 59.8 dB over 12
available samples (Fig. 12). The HRR is dominated by the
seventh and ninth harmonics for 54 and 108 MHz, as they are
up-converted by the reference LOFT with their amplitudes
proportional to that of the
. The HRR is dominated by
the third harmonic for frequency 216 MHz since the LO
phase accuracy degrades at higher frequencies as discussed.
The wideband spectrum of the
at 54 MHz is
shown in Fig. 13. A 55-dB-clean output spectrum is achieved,
which is limited by the
. The displayed signal power in
Fig. 13 should be corrected as 5 dBm after de-embedding
the losses of the test buffer, transformer (JTX-2-10T), and
printed circuit board (PCB). The measured
and
range from 12.6 to 17.0 dBm and from 4.3 to 7.8 dBm,
respectively. The power efﬁciency at
is from 3.1% to
9.4%. The EVM is 1.0% at 54 MHz, 1.4% at 216 MHz, and
1.5% at 804 MHz at the output power of 5 dBm, where the
memory effect of the
is pre-compensated in
the digital BB data.
The IRR and LRR were measured under 1-MHz BB differential I/Q signals generated by 12-bit DACs and are plotted
in Fig. 14. One-shot I/Q-LOFT calibration is adequate for the
lower sub-band since the phase error of the LOG is more accurate under the conﬁguration of 8PC/4PC plus frequency divider. Moreover, since the LO has a division ratio with respect
to
, the LOFT is not inﬂuenced by the PCB coupling of
. Thus, the detector can sense the LOFT tone accurately
for calibration. Differently, for the upper sub-band, the LOFT is

Fig. 15.
of the envelop detector in relationship with the noncalibrated
and calibrated
for: (a) lower sub-band and
LRR
(b) upper sub-band.

Fig. 16. Measured far-out spectrum of the

Fig. 17. Measured and simulated
quencies.

at 54 MHz.

and

at different RF fre-

3237

UN et al.: SUB-GHZ WIRELESS TX UTILIZING MCL-PA AND TIME-DOMAIN WIDEBAND-AUTO I/Q-LOFT CALIBRATION

TABLE I
PERFORMANCE ESTIMATION OF THE I/Q-LOFT CALIBRATION ALGORITHM IN 65-nm CMOS AT 1.2 V AND 25 C

Fig. 19. Measured
and DE for
64-QAM OFDM input.

dBc with a 6-MHz BW

discussed before, the
of the detector inﬂuences the accuracy of the LOFT estimation, so as the noncalibrated LRR
and calibrated LRR
. Their relationships are plotted in Fig. 15(a) and (b). The gain of the detector
at upper sub-band is 1 dB smaller than the one at the lower
sub-band such that the
of the detector is
35 dBc and
the calibrated LRR is 40 dB. Measured over multiple chips,
the calibrated LRRs are in good agreement with the simulations.
The algorithm was not implemented on chip, but the required
power, area and calibration time can be estimated in Cadence
Encounter given in Table I. The digital power for the LMS
training and parameter estimation is 1.09 mW, which can be
power down after calibration. The estimated add-on area is
0.02 mm .
B.

Fig. 18. Measured
and DE at: (a) 54 MHz, (b) 300 MHz, and
(c) 600 MHz under a single-tone input.

inﬂuenced by the nonlinearity of the detector and frequency-dependent direct
coupling, necessitating the use of individual calibration for different frequencies. After calibration,
both the IRR (from 18.9 to 29.0 dB
41.3 to 51.1 dB) and the
LRR (from 20.4 to 31.7 dB
37.9 to 45.4 dB) are signiﬁcantly
improved, and safely meet the LRR speciﬁcation (22 dB). As

The measured wideband power spectral density (PSD) at
54 MHz is plotted in Fig. 16. Without any off-chip ﬁltering, all
harmonic distortions are
40.0 dBc when an RF power of
15.1 dBm is delivered. Similar to [16], those harmonics may
reduce the usable white spaces by other users, and system-level
optimization with spectrum sensing should be required to
avoid them jamming with the incumbent users [30]. To this
point, off-chip supply decoupling is also critical to reduce
the second harmonic current at the ground node. The overall
power efﬁciency calculated at
is from 7.4% to 18.5%.
The in-band output noise is 143 dBc/Hz (speciﬁcation:
129 dBc/Hz).
The measured in-band
( 16.1 to 27.0 dBm) and
( 12.5 to 16.3 dBm) are plotted in Fig. 17. They
primarily match with the simulations with 2-dB differences,
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Fig. 20. Measured PSD (left) and EVM after DPD (right) at the PA’s output under a 6-MHz BW 64-QAM OFDM signal (2048 subcarriers and PAPR 8.5 dB)
10-dBm output power and are further improvable
transmitted at: (a) 54 MHz, (b) 300 MHz, and (c) 600 MHz. All ACLR results meet the spectral mask at
with DPD.

which could be affected by the PA’s output impedance matching
condition or process variations.
Single-tone tests measure the output power and DE of the
MCL-PA, as shown in Fig. 18(a)–(c). The saturated output
power is from 16.3 to 20.0 dBm and its corresponding DE
ranges from 17.5% to 44.0%. The DE drops from 44.0% to
17.1% when the output power has a 6-dB back-off at 54 MHz.
Note that all PA measurements are carried up to 600 MHz since
the available transformer for PA output matching at 50- is
from 50 to 500 MHz.
Fig. 19 plots the average output power and DE for the
OFDM-signal tests, which are measured at the ACLR to be
30.0 dBc for a 6-MHz offset. The average output power
is from 10.3 to 11.7 dBm and its corresponding average
DE is from 7.7% to 10.6%. The PSDs at
10-dBm output
power meet the IEEE 802.11af spectral mask, as shown in
Fig. 20(a)–(c). With DPD, both ﬁrst ACLR (from 30.2 to
33.2 dB
40.2 to 41.7 dB) and second ACLR (from
44.0 to 49.1 dB
45.4 to 49.2 dB) are signiﬁcantly
improved and the constellation diagrams show 3.7% EVM.

Fig. 21. Relationship of EVM versus back-off power at the PA’s output (6-MHz
BW 64-QAM OFDM signal).
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TABLE II
CHIP SUMMARY AND PERFORMANCE BENCHMARK WITH THE STATE-OF-THE-ART SUB-GHz TXs

Since the proposed
is relatively linear, the EVM
can still be limited by the memory effect and I/Q mismatch.
The EVMs versus the back-off power with and without DPD
are plotted in Fig. 20. The EVM is 7.1% at 54 MHz, 8.2%
at 300 MHz, and 8.1% at 600 MHz without DPD under a
2-dB back-off from
. The EVM under 6-dB back-off
has a slope of 1%/dB limited to the nonlinearity of the PA.
The EVM under a 8-dB back-off is ﬂat and is limited by
the memory effect. Unlike the multilevel-LUT DPD in [31]
that requires accurate fractional delay estimation and only
works for memoryless nonlinearities, the proposed DPD also
addresses the memory effect as the signal can experience
signiﬁcant group-delay variation at BB. On the other hand, as
the wideband AM–AM/AM–PM responses of the
are rather consistent (conﬁrmed by simulations), the linearity
proﬁle extracted by a one-shot DPD training at 300-MHz RF
(mid-band) can be applied to the whole band. This strategy
provides a promising alternative to ease the calibration (see
Fig. 21). Throughout the sub-GHz band, all EVMs meet the
speciﬁcation (4.5%) since a 0-dB back-off. The slope of the
EVM is 0.5% per dB under a 6-dB back-off. The minimum

EVM is 1.2% under a 6-dB back-off, which is limited by the
resolution of the oscilloscope when capturing the data.
C. Performance Benchmarks
The chip summary and performance benchmark are given
in Table II. This work features an integrated PA and automatic
I/Q-LOFT calibration. The 8P-HRM TX [16] with RF ﬁltering
can reject all harmonics by 40 dB. However, the enforced
8-path BB input requires the DAC to interleave at 8 of the
BB sampling frequency. Also, in order to sufﬁciently reject
the noncancelled seventh and ninth harmonics, the duty cycle
control of the LO requires manual calibration via monitoring
the RF spectrum. In [15], an active-LC ﬁlter incorporating
with a 6P-HRM can extend the HRR to 42 dB, but consuming
171 mW for high linearity. It also relies on an off-chip PA to
deliver a 10-dBm output power. This work
outperforms recent works in terms of the integration level
and most performance metrics. This work also meets the key
speciﬁcations of [1] such as IRR, output noise, EVM, and
ACLR, as summarized in Table III.
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TABLE III
KEY PERFORMANCES

OF THE CHIP MEET THE
SPECIFICATIONS [1]

IEEE 802.11AF

VII. CONCLUSION
A 65-nm CMOS TV-band white-space TX with an integrated
PA for IEEE 802.11af WLAN has been described. The uncalibrated HRR reaches 59.8 dB by exploiting two-stage 6P-/14PHRMs driven by an 8/16-phase LO, plus on-chip
lowpass ﬁltering. The MCL-PA with a dual-gate input and a wideband low- ground at the second harmonic enhances its power
efﬁciency while reducing the harmonic distortion and ground
bounces. The time-domain wideband-auto I/Q-LOFT calibration handles the wideband IRR/LRR ( 37.9 dB). The
shows from 12.5- to 16.3-dBm
with the corresponding power efﬁciency ranging from 7.4% to 18.5%. When
delivering a
10-dBm 64-QAM OFDM output, the ﬁrst
(second) ACLR is
40 dBc ( 45 dBc) and the EVM is within
2.8%–3.7% after DPD. The achieved performance metrics compare favorably with the state-of-the-art.
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