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SUMMARY We present a multiband LTE SAW-less CMOS trans-
mitter with source-follower-driven passive mixers, envelope-tracked RF-
programmable gain amplifiers (RF-PGAs), and Marchand Baluns. A driver
stage for passive mixers is realized by a source follower, which enables
a quadrature modulator (QMOD) to achieve low noise performance at a
1.2 V supply and contributes to a small-area and low-power transmitter.
An envelope-tracking technique is adopted to improve the linearity of RF-
PGAs and obtain a better Evolved Universal Terrestrial Radio Access Adja-
cent Channel Leakage power Ratio (E-UTRA ACLR). The Marchand balun
covers more frequency bands than a transformer and is more suitable for
multiband operation. The proposed transmitter, which also includes digital-
to-analog converters and a phase-locked loop, is implemented in a 65-nm
CMOS process. The implemented transmitter achieves E-UTRA ACLR of
less than −42 dBc and RX-band noise of less than −158 dBc/Hz in the fre-
quency range of 700 MHz–2.6 GHz. These performances are good enough
for multiband LTE and SAW-less operation.
key words: multiband, LTE, SAW-less, CMOS, transmitter, quadrature
modulator, source follower, envelope-tracking, programmable gain ampli-
fier, balun

1. Introduction

As smart phones become popular, the data traffic in-
creases dramatically. Transceivers which support Long
Term Evolution (LTE) systems are in great demand. The
LTE system specifies higher peak-to-average power ratio
(PAPR) signals and more operating bands than the previous
WCDMA/HSPA systems [1]. This requires higher linearity
and multiband operations for transmitters. Additionally, the
existing demand of SAW-less operation imposes low RX-
band noise performance on transmitters. Therefore, LTE
transmitters must achieve both high linearity and low noise
performance over wideband frequency ranges.

Table 1 shows our objectives of the RX-band noise, lin-
earity, and frequency range. A 3-dB margin is added to a
RX-band noise of −155 dBc/Hz calculated in [2] for pro-
cess, voltage, and temperature variations. To reduce the
power consumption of an external power amplifier (PA) and
obtain more margins, we tighten the target Evolved Uni-
versal Terrestrial Radio Access Adjacent Channel Leakage

Manuscript received October 29, 2012.
Manuscript revised February 6, 2013.
†The authors are with Radio Frequency Analog Development

Department, Renesas Electronics Corporation, Itami-shi, 664-0005
Japan.

a) E-mail: takao.kihara.xm@renesas.com
DOI: 10.1587/transele.E96.C.774

Table 1 Target performance of multiband LTE SAW-less transmitter.

Performance RX-band noise E-UTRA ACLR Freq.range
Unit dBc/Hz dBc MHz
Value −158 −42 700∼2600

power Ratio (E-UTRA ACLR) by 2 dB from our previous
work [3]. The required frequency ranges are shown in [1].

The main challenge for the LTE SAW-less transmitter
is to achieve both such a low noise and high linearity with
as low power consumption as possible. The 25%-duty-cycle
LO (25%LO) passive mixers for a quadrature modulator
(QMOD) and passive-RC filters [2], [4]–[6] reduce the noise
contributions of RF and base-band blocks, respectively, and
enable the transmitter to meet the above noise requirement.
However, a driver stage for the passive mixer, which also
influences the noise performance, has not been examined.

The PAPR of an LTE signal is about 2.5 dB higher
than that of a WCDMA signal. This means that a RF pro-
grammable gain amplifier (RF-PGA), which drives a PA,
needs higher linearity, i.e., consumes more current (about
twice). In addition, a wideband output balun for the RF-
PGA is needed for multiband operation. The previous works
have not investigated the linearity improvement technique
and wideband balun for the RF-PGA.

In this work, we propose a multiband LTE SAW-
less CMOS transmitter with source-follower-driven passive
mixers, envelope-tracked RF-PGAs, and Marchand baluns
[7]. The driver stage for the passive mixer is realized by
the source follower. This enables the QMOD to achieve
low noise performance and reduces the occupied chip area
and power consumption of the transmitter. An envelope-
tracking technique is newly adopted to improve the linearity
of the previous RF-PGA [3] and obtain a better E-UTRA
ACLR without additional power consumption. The Mar-
chand balun is used instead of a transformer for less inser-
tion loss and border 1-dB bandwidth.

This paper is organized as follows. The architecture
of the proposed transmitter is shown in Sect. 2. Section 3
describes the QMOD, envelope-tracked RF-PGA, and Mar-
chand balun. Section 4 shows the measurements of the
transmitter implemented in a 65-nm CMOS process, and
Sect. 5 concludes the paper.

Copyright c© 2013 The Institute of Electronics, Information and Communication Engineers
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2. Transmitter Architecture

2.1 Building Blocks of Transmitter

Figure 1 shows a block diagram of the proposed LTE
transmitter, based on IQ direct conversion architecture.
The transmitter consists of IQ digital-to-analog converters
(DACs), active low-pass filters (LPFs), passive-RC filters, a
QMOD, a divider, a phase-locked loop (PLL) [8], envelope-
tracked RF-PGAs, and Marchand baluns. The QMOD, di-
vider, and PLL operate at 1.2 V supplied by low-dropout
(LDO) voltage regulators, while the DACs, active LPFs, and
RF-PGAs operate at 2.8 V supplies, because the DACs and
active LPFs handle high PAPR LTE signals. For example, if
the root mean square (rms) amplitude of the base-band sig-
nal, vBB,rms, is 0.1 V, the input and output voltage ranges re-
quired for the DAC and LPF are calculated as about 1.2 Vpp,
where an LTE PAPR and headroom are assumed to be 9.4 dB
and 6 dB, respectively.

The DAC with 12 bit resolution and 60∼100-MHz sam-
pling rate converts the digitally modulated signals coming
from a digital interface into analog signals. The active LPF
has from fifth- to eighth-order Butterworth response to at-
tenuate unwanted alias signals from the DAC. The filter
order is adjusted according to the signal bandwidth. The
passive-RC filter, whose cut-off frequency is 10 MHz or less
(depends on the operating band), reduces the out-of-band
noise of the active LPF.

The divider consists of five divide-by-2 dividers and
three selectors, and divides the frequency of LO signals
coming from the PLL and sends the signals to the QMOD.

The QMOD consists of source followers, passive mix-
ers, and a 25%LO generator. It up-converts IQ base-band
signals into RF signals. Two load inductors resonate with
the input parasitic capacitances of the RF-PGAs and en-
able the QMOD to operate in the frequency ranges of 1.4–
2.0 GHz and 2.5–2.6 GHz, respectively.

Fig. 1 Block diagram of the proposed LTE transmitter.

The RF-PGA controls the output power with about
78 dB gain range and 0.5 dB gain step. Five baluns provide
the differential-to-single-ended conversion for external PAs.

2.2 Noise Consideration

A transmitter with low RX-band noise realizes SAW-less
operation. The noise performance is evaluated as CNR:

CNR ≡ Pout,n

Pout,s
, (1)

where Pout,n is the output noise power in the RX band and
Pout,s the output signal power. We use the following four
approaches to achieve such a low CNR:

1. Large amplitude base-band signal,
2. Passive-RC filter,
3. Passive mixer,
4. Single-stage RF-PGA.

First, a large amplitude base-band signal leads to a low
CNR. The CNR of a MOSFET is expressed as

CNRTr =
4kBTγgm

g2
mv

2
BB,rms

=
4kBTγ

gmv
2
BB,rms

, (2)

where kB is Boltzmann’s constant, T the absolute tempera-
ture, γ noise parameter (2/3 for long-channel MOSFETs),
gm the transconductance of the common-source transistor.
Equation (2) shows that a larger vBB,rms results in a lower
CNR. Therefore, a large amplitude base-band signal reduces
the noise contributions of the circuit blocks and improves
the noise performance of the transmitter. The upper limit of
vBB,rms is determined by the linearity of the circuit and the
PAPR of the signal.

Second, the passive-RC filter decreases the out-of-band
noise from the active LPF. The CNR of the active LPF, based
on common-source amplifiers, is also expressed as Eq. (2),
which means that a lower CNR requires a larger gm, i.e.,
more current consumption. By employing the passive-RC
filter with a cutoff frequency of a signal bandwidth, we can
reduce the out-of-band noise of the active LPF without ad-
ditional current consumption.

Third, the passive mixer has better noise performance
than an active mixer. The transistor of the passive mixer
operates in the deep triode region, i.e., operates as a switch,
whereas that of the active mixer in the saturation region. By
using a 65-nm or less CMOS process, we can easily achieve
a switch transistor with a small on-resistance (< 10Ω). This
allows the passive mixer with lower noise than the active
mixer.

Finally, the single-stage RF-PGA achieves less noise,
compared to a multi-stage RF-PGA. For example, in the
case of a two-stage PGA, the output noise of the first stage
is amplified by the second stage, and then it is added to the
output noise of the second one. When the CNR of the first
stage is equal to that of the second one, the total CNR of the
two-stage PGA degrades by 3 dB. To reduce the noise con-
tribution from the second stage, we need much current for
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the stage.

3. Circuit Design

In this section, we show the building blocks of the trans-
mitter: QMOD, enveloped-tracked RF-PGA, and Marchand
balun.

3.1 QMOD with Source-Follower-Driven Passive Mixer

The proposed QMOD consists of source followers, passive
mixers, and a 25%LO generator, as shown in Fig. 1. Fig-
ure 2 shows the detailed schematics of the QMOD and the
waveform of 25%LO signals. The 25%LO passive mixer
can achieve both high linearity and low noise performance
at a low supply. The 25%LO generator is composed of four
AND gates [9] and generates the 25%LO signals by using
quadrature LO signals provided by a divider.

A key building block in the QMOD is a driver stage
for the passive mixer. The input impedance of the passive
mixer is relatively low due to the input capacitance of the
RF-PGA. The previously reported configuration [2], [6], in
which the active LPF with the passive-RC filter drives the
passive mixer, consumes large chip area and high power
consumption to drive such a low impedance; A small resis-
tor is required for the passive-RC filter to prevent the signal
reduction at the input of the passive mixer, which results in a
large capacitor (large area) for the RC filter; The active LPF
requires a high supply voltage for LTE operation as shown
in the previous section and its output buffer consumes large
current.

In this work, the source follower is used as the driver
stage for the passive mixer, as shown in Fig. 3. The advan-
tages of the source follower are shown in Table 2.

First, the power consumption to drive the passive
mixers decreases. The source follower can drive a low
impedance and deal with high-PAPR LTE signals at a low

Fig. 2 (a) Schematic of the proposed QMOD and (b) the waveform of
25%LO signals.

supply voltage (1.2 V). The LTE signal imposes a wide input
voltage range on the drive stage. Although the source fol-
lower has both large current gain and low output impedance,
its input voltage range is narrow if its input is biased by
VDD/2, where VDD is the supply voltage. Biased by a higher
voltage, the source follower has wider input voltage range.
The allowable maximum and minimum input voltages of the
source follower are given by

Vin,S F,max = VDD + Vth1, (3)

Vin,S F,min = Vgs1 + Vds2,sat, (4)

respectively, where Vth1 is the threshold voltage of the in-
put transistor, M1, Vgs1 the gate-source voltage of M1, and
Vds2,sat the saturated drain-source voltage of the current
source transistor, M2. Equations (3) and (4) mean that the
input voltage range can be maximized by biasing the input
of the source follower by (Vin,S F,max + Vin,S F,min)/2. Consid-
ering the bias conditions for M1 and M2, we bias the input
by 0.9 V in this design. This enables the source follower to
drive the passive mixer for LTE operation even at a 1.2 V
supply. In this way, the driver stage for the passive mixer
consumes current (∼ 3 mA) from a 1.2 V supply instead of a
2.8 V one, and then the power consumption of the transmit-
ter decreases.

Second, the chip area of the passive-RC filter de-
creases. The source follower provides a high load
impedance for the passive-RC filter. The input impedance
of the source follower is very high. This allows the design
of a passive-RC filter with a large resistor (R) and small ca-
pacitor (C), because no signal reduction occurs at the input
of the source follower. For example, in the case of a passive-
RC filter with a cut-off frequency of 10 MHz, R = 100Ω and
C = 150 pF are used for the filter without the source fol-
lower, while R = 3 kΩ and C = 5 pF used for the filter with
the source follower. Thus, the source follower separates the
passive-RC filter from the passive mixer and contributes to
a small-area transmitter.

Simulations show that the proposed QMOD achieves a

Fig. 3 Proposed driver stage for the passive mixer.

Table 2 Reduction of power consumption and area by source follower
(SF).

Item Without SF With SF
Reduction of
power/area

Power consumption to 4 × 3 mA 4 × 3 mA
19.2 mW

drive passive mixer from 2.8 V from 1.2 V
Capacitance for

4 × 150 pF 4 × 5 pF 0.2 mm2
passive-RC filter
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Fig. 4 (a) Block diagram of the RF-PGA and (b) schematic of the
transconductor.

CNR of −163 dBc/Hz and an E-UTRA ACLR of −48 dBc
with a current consumption of 17.5 mA including the
25%LO generator for Band 1.

3.2 Envelope-Tracked RF-PGA

The RF-PGA consists of fifteen thermometer-weighted
transconductors and fourteen binary-weighted transconduc-
tors with R-2R ladders, as shown in Fig. 4(a). The gain con-
trol scheme is described in detail in [3]. The transconductor
is composed of two common-source and cascode transistors,
as shown in Fig. 4(b). The cascode transistor, M2, improves
the isolation between the input and output terminals, while
causing the linearity degradation. When a high-PAPR LTE
signal enters the common-source transistor, M1, the drain
voltage of M1 decreases and then the drain current of M1

decreases. A higher gate bias voltage for M2 prevents the
degradation, but leads to more current consumption.

In this work, we employ an envelope-tracking tech-
nique, i.e., “envelope-tracked biasing”, on the thermometer-
weighted transconductors to improve the linearity. Enve-
lope-tracking techniques have been mainly applied to PAs
[10], [11]; The supply voltage which tracks the envelope
of a modulated signal improves the linearity of the ampli-
fier. In this design, the envelope-tracking technique is used
to bias the cascode transistor in the thermometer-weighted
transconductor, which deals with large input voltage swings.
This improves the linearity of the transconductor with no ad-
ditional power consumption.

Figure 5 illustrates the concept of the envelope-tracked
biasing. This biasing makes the gate voltage of M2, Vg,M2,
track to the envelope of an input modulated signal, vin, as
shown in Fig. 5(a). Accordingly, the drain voltage of M1,
Vd,M1, also tracks to the envelope. In the case of the constant
biasing for M2 (without the envelope-tracked biasing), Vd,M1

decreases as vin increases.
The vin dependence of Vd,M1 affects the linearity of M1.

Figure 5 (b) shows the drain current of M1, Id,M1, versus
Vd,M1. As Vd,M1 increases, Id,M1 gradually increases due to

Fig. 5 Concept of envelope-tracked biasing: (a) Transconductor with
envelope-tracked or constant biasing, (b) Id,M1 versus Vd,M1, and (c) id,M1

versus vin.

the channel-length modulation of M1. For the constant bi-
asing, Vd,M1 decreases according to vin and then Id,M1 de-
creases from a DC bias current, shown as a dot in Fig. 5(b).
In contrast to this, for the envelope-tracked biasing, Id,M1

increases from the DC bias current. Figure 5 (c) shows the
small-signal characteristic of Id,M1, id,M1, versus vin. The
constant biasing causes the reduction of Id,M1 for the peak
of vin, resulting in a nonlinear characteristic of id,M1. Mean-
while, the envelope-tracked biasing prevents the current re-
duction and then provides better linearity.

To express the linearity improvement analytically, we
define Id,M1 as

Id,M1 =
βM1

2
(
vin + Vod,M1

)2 (1 + λVd,M1
)

, (5)

where βM1 is the transconductance parameter of M1, Vod,M1

the overdrive voltage of M1, and λ the channel-length mod-
ulation coefficient of M1. The drain voltage of M1, Vd,M1,
can be expressed as

Vd,M1 = αvin + β, (6)

where α and β are coefficients which depend on the bias
condition for M2. For the envelope-tracked biasing, α is
positive (> 0), while α equals −1 for the constant biasing,
as illustrated in Fig. 5(a). From Eqs. (5) and (6), id,M1 can be
derived as

id,M1 = a0 + a1vin + a2v
2
in + a3v

3
in, (7)

where a1, a2, and a3 represent the linear, second-order, and
third-order coefficients of id,M1, respectively. Table 3 shows
the comparison of a1, a3, and a1/a3 for the envelope-tracked
and constant biasing. The linearity of an amplifier such as 1-
dB compression point (CP1 dB) and third intercept point are
proportional to squared a1/a3 [12]. The envelope-tracked
biasing generates α > 0 and prevents gain (a1) reduction due
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Table 3 Comparison of coefficients for envelope-tracked and constant
biasing.

Envelope-tracked biasing Constant biasing

a1
αλV2

od,M1 −λV2
od,M1

+2 (βλ + 1) Vod,M1 +2 (βλ + 1) Vod,M1

a3 αλ −λ
a1/a3 V2

od,M1 +
2
α

(
β + 1

λ

)
Vod,M1 V2

od,M1 − 2
(
β + 1

λ

)
Vod,M1

Fig. 6 Schematic of the envelope-tracked biasing circuit applied to the
transconductors.

to nonlinearity, resulting in larger a1/a3 (higher linearity)
than the constant biasing.

Figure 6 shows the schematic of the envelope-tracked
biasing circuit, which consists of the envelope detector and
current mirror circuit. The detector, which is a kind of a
squaring circuit, generates current according to the envelope
of the input modulated signal:

Ienv,det = βM3

(
v2in + V2

od,M3

)
, (8)

where Vod,M3 is the overdrive voltage of M3. By utilizing
the current, the current mirror makes Vg,M2 track to the en-
velope:

Vg,M2 =

√
2βM3

βM4

(
v2in + V2

od,M3

)
+ Vth,M4

=

√
2βM3

βM4
vin

⎛⎜⎜⎜⎜⎜⎝1 + V2
od,M3

2v2in
+ · · ·

⎞⎟⎟⎟⎟⎟⎠ + Vth,M4

≈
√

2βM3

βM4
vin + Vth,M4 ∝ vin, (9)

where βM4 is the transconductance parameter of M4, Vth,M4

the threshold voltage of M4, and the approximation is valid
when Vod,M3 is smaller than vin. This condition is satisfied,
because the gate of M3 is biased at a low voltage to en-
sure that the envelope detector provides a squaring function.
In this way, the envelope-tracked biasing circuit generates
Vg,M2 proportional to the envelope.

The effect of the envelope-tracked biasing can be max-
imized by minimizing α, because the third-order nonlinear-
ity, a3, is proportional to α as shown in Table 3. This means

Fig. 7 (a) Marchand balun with λ/4 coupled lines and (b) top view of a
stacked Marchand balun.

that designing the biasing circuit to suppress the fluctuation
of Vd,M1 (= αvin + β) leads to higher linearity. From Eq. (9),
we can achieve the maximum effect by decreasing βM3 and
increasing βM4.

Simulations show that the RF-PGA with the envelope-
tracked biasing obtains an output CP1 dB (OCP1 dB) of
+14.8 dBm for an output power of +3.4 dBm. This
OCP1 dB is 5.7 dB higher than that of the RF-PGA with the
constant biasing. The current consumption of the envelope-
tracked RF-PGA is about 32 mA for an output power of
+3 dBm for Band 1.

3.3 Marchand Balun

The Marchand balun with λ/4 coupled lines, shown in
Fig. 7, is adopted for differential-to-single-end conversion
of the RF-PGA. A spiral configuration increases the mu-
tual inductance and capacitance between the transmission
lines, and then the Marchand balun with spiral lines achieves
much smaller area than one with straight lines [13], [14]. In
this paper, the two spiral lines with balanced and unbalanced
ports are completely stacked as show in Fig. 7(b) to further
increase the mutual capacitance and reduce the chip area.
An M6 layer is used for the upper winding, an M5 layer for
the lower one, and M4 layers for the connection between left
and right slides and the inputs of the balanced ports.

The Marchand balun has less insertion loss (−|S 12|) and
broader 1-dB bandwidth than a 1:1 transformer. Generally,
the insertion loss of the balun or transformer is determined
by the coupling factor k and the quality factor Q of the line
(spiral inductor). To reduce the insertion loss of the trans-
former, we need to increase k as much as possible (i.e., the
minimum loss is achieved for k = 1) [15]. On the other
hand, in the case of the Marchand balun, there is the op-
timum k for the insertion loss. This value, which changes
with the Q of the line, is calculated as 1/

√
3 (≈ 0.57) for the

lossless line [14], [16]. This means that a Marchand balun
with a reasonable k (0.6 ∼ 0.8) can achieve less insertion
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Table 4 Performance comparison of a 2.0-GHz Marchand balun and 1:1
transformer.

Performance Marchand Transformer

Chip area [um2] ∼ 140 × 300 ∼ 130 × 280
Balance-port ∼ 280 ∼ 70

impedance (Zbal) (depends on k) (NT × k × Zunbal)
Reflection (|S 11 |) [dB] −14 −7

Insertion loss (−|S 12 |) [dB] ∼ 2 ∼ 3 (∝ k)
1-dB bandwidth [MHz] ∼ 500 ∼ 350

Gain imbalance [dB] ∼ 1 ∼ 0.1
Phase imbalance [deg.] ±5 ±10

CMRR [dB] < −20 < −20

Zunbal: Unbalanced-port impedance, NT : Number of turns

loss than the transformer.
Table 4 shows the performance comparison of a 2.0-

GHz Marchand balun and 1:1 transformer with the same
configuration as Fig. 7(b). A 2.5-D electromagnetic simula-
tor (Agilent Momentum) is used for the simulation. We de-
termine the design parameters of the baluns (line width, line
spacing, and number of turns) to have a small area, consid-
ering the insertion loss and self-resonance frequency. Sim-
ulations show that the Marchand balun achieves less inser-
tion loss and broader 1-dB bandwidth than the transformer
with a comparable area. The disadvantage of the Marchand
balun is a high balanced-port impedance (Zbal > 200Ω).
This leads to a large voltage swing at the output of the RF-
PGA and causes the linearity degradation. This is not a
problem because the RF-PGA operates at a 2.8 V supply and
has enough voltage headroom. Additionally, the envelope-
tracked biasing, described in Sect. 3.2, improves the linear-
ity of the RF-PGA.

4. Experimental Results

The complete transmitter was implemented in a 65-nm
CMOS process with a thick metal layer and metal-insulator-
metal (MIM) capacitors. A microphotograph of the fab-
ricated transmitter is shown in Fig. 8. The chip area was
4.5 mm2. The chip was mounted to a ball grid array (BGA)
package. All measurements were obtained by using the in-
ternal PLL.

4.1 ACLR and EVM

Figure 9 shows the measured E-UTRA ACLR for an LTE
modulated (16 QAM) signal with a bandwidth (BW) of
20 MHz and 100 resource blocks (RBs) in Band 1. The
transmitter obtained an E-UTRA ACLR of −42 dBc with
an output power of +2.1 dBm. The envelope-tracked bias-
ing (represented by “Envelope ON” in Fig. 9) improved the
ACLR by about 3 dB compared to that without the biasing
(“Envelope OFF” in Fig. 9).

Figure 10 shows the measured error vector magnitude
(EVM) for the same LTE signal and output power as Fig. 9.
The average EVM was 2.8% for envelope ON or OFF. The
envelope-tracked biasing does not degrade the EVM perfor-
mance of the transmitter.

Fig. 8 Microphotograph of the fabricated transmitter.

Fig. 9 Measured E-UTRA ACLR for an LTE signal with 20 MHz BW
and 100 RBs in Band 1.

Fig. 10 Measured EVM for an LTE signal with 20 MHz BW and
100 RBs in Band 1.

Figure 11 shows the summary of the measured E-
UTRA ACLR and EVM for output powers of +2 dBm
in various frequency bands. LTE signals with BW of
5 MHz and 20 MHz were used for the frequency ranges of
700 MHz–1.4 GHz and 1.7 GHz–2.6 GHz, respectively. The
transmitter achieved E-UTRA ACLR of less than −42 dBc
and EVM of less than 3% in the frequency range of
700 MHz–2.6 GHz. The required E-UTRA ACLR (−42 dBc
shown in Sect. 1) and 3GPP EVM specification (< 12.5%
[17]) are satisfied.

4.2 RX-Band Noise

The CNR of the transmitter was measured in the frequency
range of 700 MHz–2.6 GHz and shown in Fig. 12. The best
noise performance, a CNR of −161 dBc/Hz, was achieved
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Fig. 11 Measured ACLR and EVM in various frequency bands.

Fig. 12 Measured RX-band noise in various frequency bands.

for Band 1 (1950 MHz), because the duplex frequency is
the highest (190 MHz offset). For the other bands, the mea-
sured CNR was about −158 dBc/Hz. These performances
are enough for SAW-less operation.

4.3 Third Counter-Intermodulation (C-IM3)

For LTE systems, the third counter-intermodulation (C-
IM3) products of transmitters generate various unwanted
spurs and should be as small as possible [18]. The C-IM3
is the spur at fLO − 3 fBB, where fLO and fBB are LO and
base-band frequencies, respectively, It is mainly caused by
the intermodulation of the wanted signal ( fLO + fBB) and the
third-order harmonics (HD3, 3 fLO − fBB) of the QMOD. In
this design, the HD3 of the QMOD is reduced to less than
−20 dBc by using the load inductor and variable capacitor
as shown in Fig. 1.

Figure 13 shows the measured C-IM3 for an LTE signal
with BW of 20 MHz and 1 RB in Band 1. The measured C-
IM3 was −54 dBc.

4.4 Comparison

Table 5 shows the performance comparison with the pre-
viously reported LTE SAW-less transmitters [6], [18] for
Band 1. Reference [6] does not have DACs and a PLL, and
Ref. [18] does not include a PLL. They degrade the CNR

Fig. 13 Measured C-IM3 for an LTE signal with 20 MHz BW and 1 RB
in Band 1.

Table 5 Performance comparison of LTE transmitters for Band 1.

This work IMEC [6]∗ Fujitsu [18]†

Technology
65 nm 40 nm 90 nm
CMOS CMOS CMOS

Output power [dBm] 2.1 2.1 4.0
E-UTRA ACLR [dBc] −42 −39 −40

EVM [%] 2.8 2.5 1.0
RX-band noise [dBc/Hz] −161 −160 −162

C-IM3 [dBc] −54 N/A −62
Current from 1.2 V/2.8 V,

27/44† 25/40 38/521.1 V/2.5 V in [6],
1.55 V/2.7 V in [18] [mA]

Chip area [mm2] 4.5 0.98 5.0
∗ Without DACs and PLL, †Without PLL

by 1 or 2 dB, which depends on the PLL design and TX-
RX offset frequency. Although the proposed transmitter in-
cludes the DACs and PLL, it achieves the comparable RX-
band noise and best E-UTRA ACLR for Band 1.

5. Conclusion

We have demonstrated a multiband SAW-less CMOS trans-
mitter for LTE systems. A source follower, which drives
25%LO passive mixers, reduces the chip area and current
consumption of passive-RC and active filters, respectively,
contributing to a small-area and low power transmitter. An
envelope-tracked biasing employed in RF-PGAs improves
the linearity, decreasing the E-UTRA ACLR of the trans-
mitter by about 3 dB. A stacked Marchand balun provides
less insertion loss and broader 1-dB bandwidth than a trans-
former, and is more suitable for wideband and multiband
operations. The proposed transmitter implemented in a 65-
nm CMOS process achieves E-UTRA ACLR of less than
−42 dBc and RX-band noise of less than −158 dBc/Hz in the
frequency band of 700 MHz–2.6 GHz. These performances
are good enough for multiband LTE and SAW-less opera-
tion.
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