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Abstract—A complete SAW-less transmitter meeting LTE
requirements is presented. High power efficiency and low
out-of-band noise are obtained exploiting fully current oper-
ation of an analog baseband followed by a class-A/B power
mixer. Out-of-band emissions are limited by filtering noise and
DAC replicas right before the signal up-conversion through a
current-mode Biquad feeding directly the power-mixer. The trans-
mitter, implemented in 55 nm CMOS technology, shows —158
dBc¢/Hz RX-band noise emission at 30 MHz offset for LTE10, while
consuming 96 and 34 mW from the single 1.8 V power supply at 4
and —10 dBm output power, respectively. ACLR is always below
—42 dBc up to 4 dBm for both LTE10 and LTE20.

Index Terms—ACLR, active mixer, baseband, Biquad, class A,
class A/B, CMOS integrated circuit, current mode, EVM, high effi-
ciency, long-term evolution (LTE), mobile communications, out-of-
band noise, phase noise, radio frequency, 3G, transmitter, voltage
mode.

I. INTRODUCTION

NTEGRATED transceivers for long-term evolution (LTE)
must process signal bandwidths significantly wider than
those of previous mobile standards and require a signal
processing even more complicated, entailing high power con-
sumption. Besides being compatible with all of the preexisting
communications standards, the new 4G terminals also have to
support WiMAX, Wi-Fi, Bluetooth, and GPS. Because of a
congested frequency spectrum and the close proximity on the
handset board with all of the different systems-on-chip (SOCs),
the LTE transceiver must face severe coexistence challenges.
The most critical situation is when the receiver (RX) and
transmitter (TX) operate in the same time slot. 3G and 4G stan-
dards supporting FDD suffer from this issue. A partial isola-
tion is given by the duplexer that, through the use of two sharp
bandpass filters, can de-couple the TX and RX paths from each
other. However, due to the finite isolation of the duplexer, a
leakage from the TX reaches the RX-path (Fig. 1). There are two
problems arising from this leakage which, for large-signal band-
widths as it occurs in 4G, become especially critical. First, the
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(attenuated) transmitted signal represents the most critical inter-
ferer for the receiver, increasing its linearity requirements, e.g.,
11P2, TIP3, 1 dB compression point. Second, the TX leakage that
lies in the RX-band directly impacts the receiver sensitivity. The
latter problem is traditionally resolved using a surface acoustic
wave (SAW) filter at the output of the integrated transmitter and
before the external power amplifier (PA), as shown in Fig. 1.

Nowadays, given the increasingly larger number of bands to
be supported, the trend is to increase the level of integration of
the transceiver and make it reconfigurable while at the same
time removing the external nonreconfigurable blocks like the
SAW filter. As a consequence, the transceiver must achieve
extremely low out-of-band emissions. The main contributors
to such unwanted signals are the digital-to-analog converter
(DAC) replicas, noise, and nonlinear distortion components.
For large-signal bands and narrow TX-RX frequency spacing,
the dominant contributor is noise. For the 3G case, improve-
ments in the transceiver TX chain made it possible to eliminate
the SAW filters. However, LTE forced to reintroduce them for
the most critical working bands, for which the ratio between
the RX-to-TX frequency spacing and the signal bandwidth is
very small (e.g., about two for LTE20 in Band20). Finally, the
use of OFDMA and of complex modulation schemes in 4G
leads to up to 9 dB peak-to-average power ratio (PAPR). This
mandates high power efficiency and linearity in the entire chain
that delivers the signal power to the PA.

State-of-the-art integrated transmitters for mobile communi-
cations can be divided in two main groups, depending on the
type of up-converter used, i.e., voltage-mode (based on pas-
sive mixers) and current-mode (based on active mixers). The
first voltage-mode transmitter was implemented by Xin and Van
Sinderen [1] and subsequently improved by Giannini et al. [2],
[3]. The proposed solutions drive the mixer through a filtering
stage that attenuates the out-of-band emission (DAC replicas,
nonlinearities, and noise), while a pre-PA (PPA) transforms the
mixer output RF voltage into current for the LC-tank load. How-
ever, the passive mixer approach has three main problems. First,
the I and Q paths crosstalk with each other. Second, the input
capacitor of the PPA appears as a switched capacitor load for
the passive mixer driver [4], which needs to have a sufficiently
low output impedance, increasing power consumption. Finally,
the mixer switches must bear a very large voltage swing while
maintaining high linearity.

On the other hand, current-mode transmitters based on a
power mixer that acts as a PA driver [5] are immune from
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Fig. 2. Traditional mixed-mode baseband implementation of a transmitter using an active mixer.

the aforementioned problems [6], [7]. However, traditionally,
the baseband (e.g., DAC and filtering stage) is operated in the
voltage domain, while moving into a current mode in front
of the power mixer [6], [7]. This creates the necessity of an
additional linear voltage-to-current (V—I') converter to drive
the active mixer, increasing the baseband (BB) power con-
sumption. Moreover, the BB out-of-band noise is only loosely
filtered through passive filtering, since there is no place for an
active stage with complex poles (and hence sharp filtering and
low droop) before the up-converter.

This paper describes a fully current-mode multistandard
transmitter operated in class A/B [10] that combines the ad-
vantages of the two transmitter types, i.e., reduced noise of
the power mixer and the possibility of placing an active filter
just before the up converter, as in voltage-mode transmitters.
Moreover, the use of a class-A/B approach permits to further
reduce noise and increase efficiency. This paper is organized as
follows. In Section II, the main building blocks of the proposed
current-mode transmitter are introduced in a conceptual way
and the advantages of using a class-A/B approach along the
chain are explained. Section III details the circuits used in the
realized prototype, following the ideas discussed in Section II.
Section IV presents the measurements of the realized proto-
type, comparing them with recent state-of-the-art transmitters.
Finally, Section V draws the conclusions of the work.

II. CURRENT-MODE TRANSMITTER: BUILDING BLOCKS

The starting point to develop a fully current-mode TX is the
power mixer-based TX presented in [7] and depicted in Fig. 2. In
this architecture, DAC and filter operate in voltage mode while
the portion of the TX feeding the power mixer in current mode.
The V-1 conversion is realized after the BB filter by a resistor
connected to a virtual ground. The voltage applied to the resistor
generates a current that is absorbed by the virtual ground and
mirrored into the transconductor of the power mixer [5], [8],
[9]. The value of the resistor and the mirror factor can be scaled
in order to realize a variable gain amplifier (VGA). In addition,
an RC pole is inserted in the mirror to filter the noise generated
by the V-1 converter.

Fig. 3 shows the steps necessary to modify such an architec-
ture to obtain the proposed fully current-mode transmitter. The
voltage DAC is transformed into a current-steering DAC that
feeds a scalable current mirror implementing a VGA. Finally,
the active low-pass filter is moved at the end of the BB chain
before mirroring the signal into the up-converter. Compared to
the traditional approach of Fig. 2, placing the filter at the end of
the BB chain allows more suppression of the out-of-band noise.
In addition, combining the filter with the up-converter driving
stage potentially reduces also the power consumption.

Moving toward the RF section, power consumption of the
chain is scaled up to lower out-of-band noise and to handle the
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Fig. 4. Conceptual schematic of the proposed VGA.

signal swing, hence, the up-converter is the most power-hungry
section of the transmitter. The Biquad/mixer driver, feeding the
power mixer in class A/B, lowers the power consumption of the
entire chain even more. The building blocks are described in
detail below.

A. Variable Gain Amplifier

Since the transmitted signal can have up to 9 dB of PAPR,
the use of class-A/B stages allows a significant reduction of
the power consumption and out-of-band noise emission com-
pared with a class-A stage (as discussed in Section II-C). For
this reason, the VGA is implemented with a class-A/B current
mirror that provides also a low input impedance to limit the
voltage swing at the DAC output.

The VGA schematic (in its single-ended version) is reported
in Fig. 4. The low input impedance is realized closing in feed-
back an amplifier formed by an OTA followed by a push—pull
stage. The current absorbed by the push—pull stage is delivered
to the following stage by a programmable mirror. To bias the
push—pull input stage and its replica in class A/B, the output
stage of the OTA uses the Huijsing floating battery [11] stacked
on a common-source amplifier. Notice that the virtual ground,
used to absorb the signal from the current DAC, can also imple-
ment a V—I converter, adding a resistor at its input (Fig. 4).

B. Current-Driven Biquadratic Cell

The mixer driving stage can be transformed into a Biquad cell
as shown in Fig. 5. Since the cell is now current-driven by the
VGA, a V-1 conversion is no longer necessary and, thus, its
input virtual short can be used to implement a filtering transfer
function. The key idea is to synthesize an active inductor by
boosting the voltage across the input resistor 12y at high fre-
quency. This is obtained inserting a high-pass filter (Cy?3) be-
tween the terminals V,, and V_, the inverting input of the Op
Amp. At low frequency, all of the input current ¢;,, flows through

Fig. 5. Single-ended schematic of the proposed current-driven Biquad.

Iy since Cy and C5 are open circuits and terminal V. is virtu-
ally shorted to ground. On the other hand, above the cutoff fre-
quency 1/R>C5, the two terminals of Ry are virtually shorted,
preventing any flows of current into the Op Amp output stage
(represented by the MOS transistor). The active inductor and
the grounded capacitor C; leads to the following second-order
low-pass transfer function

.Oll 1 Le C
H(‘?) _ Lout _ / q-1

. (1)
i 2 R (CrC 1
"o st (Lm,) ( o ) T Lo

where L., is the synthesized inductor whose expression is given
by

Loq = RoRyCs. (2)

Inserting (2) in (1) gives the wy and quality factor ) as function
of the design variables Ry, R>, C;, and C5, obtaining

1 VCiCoRy

wn = . = .
0 vV CngRle’ (Ol + CVQ)Vlzl

Assuming (7 > 5 (valid in the proposed design), the term
((C1+ C3)/(Cr1)) in (1) is = 1 and the expression of @) be-
comes the ratio of the two time constants

(€))

Ca Ry
ViR

Q= (if C1 > Cy). “)
Equation (4) will be used to provide an easy frequency tuning
of the cutoff frequency to implement multistandard capabili-
ties. Equations (3) and (4) show that it is possible to change
wy without changing the (), therefore maintaining the same fil-
tering shape.

Compared with other gm-C-based solutions for the same ap-
plications [8], our Biquad has the advantage [10] that its transfer
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Fig. 6. (a) Proposed Biquad as a mixer driver: (b) class-A and (c) class-B behavior of the mixer transconductors.

function depends only on passive elements and, thus, it is not in-
fluenced by signal level, as it occurs in the approach reported in
[8].

In terms of out-of-band noise, our solution is similar to the
V—I converter of Fig. 2 [7]: Ry injects the same out-of-band
noise, while Rs sees low-pass transfer function to the output
and does not contribute significantly to the overall out-of-band
output noise.

C. Class-A/B Power Mixer

The conceptual scheme of the current-driven Biquad/mixer
driver is given in Fig. 6(a). The role of the active mixer is to
deliver power to the balun placed at his output. This operation
is generally performed biasing the mixer in Class A where there
is a tradeoff between the voltage and current swings necessary
to deliver a given power [7]. A large voltage swing on a high-Q
balun improves the efficiency, requiring a lower bias current,
but leads to a worse transmitted power/noise spectral density
ratio, that will be called Phase Noise (PN) of the mixer. On the
other hand, large current swing reduces the overall efficiency
but improves the PN.

The mixer PN improvement can be understood from the
schematic in Fig. 6(b). For each transconductor M, and M,;_,
the PN of the output current is given by

-2
‘RMS
.2 o
di noise/df

where ¢grng is the root mean square (RMS) value of the current
signal and di2_;__/df is the transistor current noise power spec-
tral density (PSD), which is proportional to its transconductance
gm. Assuming for di2 . _/df the expression 4 kT'gm (for sim-

plicity with v = 1), (5) can be rewritten as

-9 .2
IRMS Vou * Thear

4kTg,,  SkT -PAPR - ipps

PNgm = (5)

PNgm =

(6)

where PAPR is the ratio between the signal peak and the RMS
values (i, /ifng) and gm can be expressed as 2inias/Vov,
where V,, is the saturated transistor overdrive. In Class A
[Fig. 6(b)], the bias current must be at least equal to ¢pear and
thus (6) becomes

Z.bias Vov
PN = 8 kT - PAPR’ @
From this equation, we can see that, for a given delivered power,
increasing i1,;,s While maintaining a constant V,, permits to im-
prove the mixer PN by increasing the current signal swing (and
correspondingly reducing the output voltage swing). However,
this approach has the drawback to increase the overall power
consumption, reducing the efficiency.

Starting from (5), it is possible to obtain a higher efficiency
if the transistors are biased in class B [Fig. 6(c)]. In this case,
each transistor has to process only half of the signal waveform
and hence 7pias is not constrained to be larger than 7.1 . Ide-
ally, 2hias could go to zero, but then nonlinearity problems arise,
so a finite ip;55 1S always used, thereby moving from class-B
to class-A/B operation. Nonetheless, bias current will always
be much less than in class A. This makes current noise lower
and the mixer PN much higher, especially for signals with high
PAPR (e.g., for 4G).

III. DETAILED IMPLEMENTATION OF THE PROTOTYPE

The fully current-mode transmitter has been implemented
starting from the one presented at ISSCC in 2013 [7], reusing
the original current-steering DAC and the additional voltage
Tow-Thomas (TT) Biquad, allowing to still implement a
fifth-order filter for some particularly critical bands. As a con-
sequence, we had to make the VGA presented in Section II-A
compatible with the old architecture. Finally, the original
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V—I converter/mixer driver has been transformed into the
current-driven Biquad previously described.

The detailed block diagram of the proposed current-mode
transmitter is shown in Fig. 7 in its single-ended version, I-path
only. Since in the original transmitter the DAC was operated
in voltage mode, by delivering its current to an output resistor
Rpac, a resistor Ry is connected to the virtual ground of the
VGA. If such a resistor is 3> IZpac, the voltage swing at to
DAC output and its behavior remain practically unchanged.
The only difference is for the third-order filtering configuration,
where the DAC output current undergoes a partition between
RD AC and RL\'.

On the other hand, for the fifth-order filtering configuration
case, the TT Biquad operates in voltage mode and the DAC
works exactly as in the original design. In this case, to return
to current mode, a V—I conversion takes place (as mentioned
in Section II-A) at the output of the TT Biquad by driving the
virtual ground of the VGA through resistor 1. Let us first
discuss the transmitter in the third-order configuration.

A. VGA for Third-Order Filtering Configuration

The schematic of the differential OTA inserted in the current
mirror is shown in Fig. 8. The differential current ¢psc repre-
sents the portion of the DAC current that reaches the VGA (after

Stage

OTA Second
Stage

First VGA Input & Output

Branches

the current partition), while the two 1y are the VGA input re-
sistors shown in Fig. 7. The low impedance virtual ground is
achieved embedding the VGA input branches into a feedback
loop that includes a three-stage differential OTA that is loaded
by the resistor Ii1y + Iipac-

The first stage is a differential pair loaded by a large differ-
ential resistor (21?) in parallel to a current source. The struc-
ture permits to set the output dc operating point without re-
quiring a common-mode feedback while giving a large voltage
gain. This is because, from the common-mode point of view,
the two load transistors (44,,; and M,,») are equivalent to two
diodes, while from the differential point of view they look like
current sources (their gates are at virtual ground). The second
stage uses an NMOS common-source topology that also im-
plements the Huijsing floating battery [11]. The bias current is
set by the current generators I;2, while the transistors M., are
part of a common-mode feedback (not shown in Fig. 8 for sim-
plicity) that forces the OTA common-mode voltage (both input
and output) to Vyq/2. The floating battery outputs drive both
the input and output branch of the PN current mirror, making it
behave as a push—pull stage.

The uncompensated amplifier would have two low-frequency
poles (at the outputs of the first and of the second stage) and one
extra pole at much higher frequency (at the output of the third
stage of the OTA). This is because the output stage is loaded by
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arelatively small resistance (the series of Rix and Rpac)and a
small parasitic capacitance, that pushes the pole at several hun-
dreds of megahertz. Using a simple Miller compensation, the
pole associated with the second stage of the OTA could give sta-
bility issues since the parasitic capacitors of the variable current
mirror can be relatively large. The problem could be solved in-
creasing the bias current in M, to increase his gms thereby
push such a pole at higher frequency. A more current-efficient
solution is the Ahuja compensation [12].

The current consumption in the various branches of the OTA
is decided by noise, stability and linearity. A high-input gm is
necessary in the first stage to provide low noise and large band-
width. As a consequence, 7,; has been chosen to be 90 1 A.
The second stage sets the position of the nondominant poles,
defining the stability margin of the overall loop. Thanks to the
Ahuja compensation, a current of 160 ptA, divided between
Iy» and the common-mode feedback transistor M., is suffi-
cient for this branch. Finally, the class-A/B quiescent current in
the output stage of the OTA (mirror input branch) sets the lin-
earity of the VGA, the current efficiency of the class-A/B cur-
rent mirror and affects the overall stability. A quiescent current
of 5 11A is set through the floating battery in the current mirror
input branch, while at the output branch this value is amplified
with a factor programmable from 1 to 32.

B. VGA for Fifth-Order Filtering Configuration

When the TT Biquad is added in front of the VGA, the vir-
tual ground and the resistor f2;yy will be now used as a V-1
converter, since the output signal of the TT Biquad can be con-
sidered as a voltage source (very low impedance).

In the previous case, [y was chosen > Rpac to not dis-
turb the behavior of the DAC. In the present case, this is not
necessary since the TT Biquad interfaces the DAC and the re-
sistor can be scaled down (provided it can be driven by the last
OTA of the TT Biquad) to increase the transconductance of the
V-I converter. Since the Tow-Thomas cell re-used from the pre-
vious transmitter [7] already implements a voltage gain of two

from input to output, F1n has been halved with respect to the 3rd
order filter configuration. As a consequence, the signal current
at the input of the VGA becomes four times larger. To preserve
the current range at the output of the variable mirror (input of
the current-driven filtering stage/mixer driver), the size of the
input transistors of the mirror needs to be increased by a factor
of four while keeping unchanged the size of the output branch
(that can still programmed over a 1 to 32 ratio). To accommo-
date the larger current signal, the quiescent current in the input
branch of the current mirror is increased to 20 A, which also
increases its transconductance. To maintain approximately con-
stant the gain-bandwidth product of the feedback loop around
the VGA, the current I;; (see Fig. 8) of the OTA differential
pair can be programmed from 90 pA to 70 pA.

C. Current-Driven Biquad'’s Multipath OTA: Main Structure

The single-ended current-driven Biquad presented in the pre-
vious section (Fig. 5) uses both input terminals of the OTA. As a
consequence, in a differential implementation there is the need
for a four-inputs/two-outputs OTA. Furthermore, to achieve a
sufficiently high gain across the band of interest (for linearity
reason), a single-pole OTA would have an excessive unity gain
bandwidth, creating stability issues. A more effective solution is
to use a multipath OTA to implement a —40/—20 dB per decade
slope in the OTA transfer function [13].

The used structure, depicted in Fig. 9, is based on the sum of
two different paths, a low-bandwidth/high-gain path (LB) path
and a high-bandwidth/low-gain path (HB). At low frequency,
the LB path dominates while the HB path dominates at high fre-
quency. Two in-band poles in the LB path create an initial slope
of —40 dB/dec in its transfer function (instead of the classical
—20 dB/dec). As a consequence, the gain of the LB path falls
much more rapidly than that of the HB path. When the LB path
gain becomes lower than that of the HB path, the latter becomes
the dominant path and the global transfer function shows a zero
that increases its phase. The relative value of the unity gain
bandwidth of the two parallel paths is chosen in such a way that
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As said, the fully differential OTA needs to have a four
input/two output structure. This is achieved duplicating the
input stage of both the main and feed-forward path and com-
bining them before reaching the output as shown in Fig. 9.
Furthermore, the current consumption of the second and
feed-forward stages can be increased under digital control:
this is required because the OTA must drive the programmable
RC filter inside the output current mirror. For large bandwidth
signals (e.g., LTE20), the risk of slew rate on the capacitor can
arise, so the current biasing is increased. The gm blocks of
Fig. 9 are realized as differential pairs with active loads.

D. Current-Driven Biquad'’s Multipath OTA: Class-A/B
Output Stage

The output stage of the OTA, depicted as a single NMOS
in Figs. 5-7, will drive the mixer in class A/B, as discussed in
Section II-C. A traditional approach to create a class-A/B output
stage is shown in Fig. 10, where the schematic of the differen-
tial current-driven Biquad and the mixer transconductors are re-
ported. The circuit is basically an inverter with a floating battery
between the PMOS and NMOS gates that sets its quiescent cur-
rent. The voltage signal at the NMOS gate is hence DC-shifted
to the PMOS transistor, making the stage work in a push—pull
fashion.

In this configuration, the input current signal 4;,,4. (= 4;,— ) is
divided between the output transistors M,,, M,,; (and M, _,
M,, ). Unfortunately, the differential current at the mirror
output (assuming a mirror factor equal to one) becomes

®)

Ymixer = *nmos+ — lnmos—

V—El V—_fl

_/+|
+ | +
|

5

Proposed class-A/B output stage of the current-driven Biquad OTA.

iimT

Fig. 11.

which is not equal to the input current 4i,+ = %umos+ — bpmos+>
leading to signal distortion. For a correct operation, the com-
plete signal information should provided by the NMOS transis-
tors, since the transconductors that drive the active mixer uses
NMOS-only devices.

The circuit configuration that correctly drives the mixer using
only NMOS transistors [7] is shown in Fig. 11, where the gates
of M,,1+ and M,,;_ are connected to the gate of the mixer
transconductors. In this case, for the positive side of the cir-
cuit, although the current signal 4;;,4 is divided between M,
and M,,1 4 as before, the cross-connected current mirror forces
ipmos+ t0 be equal to the current 2,05 — flowing in M,; —. Since
the same behavior is valid for the negative side of the circuit,
the differential output current (that will be mirrored toward the
mixer) tymos+ — inmos— DECOMES

(€))

i.e., the differential signal current flowing into the mixer is equal
to the input signal current of the Biquad.

Finally, two type of common-mode feedbacks (CMFBs) are
necessary [7], one to control the quiescent bias current of the
output PN stage and one to control the output CM voltage of

(inmos-‘r - inmosf) = (inmos—i- - ipmos—l—) = iin—l—
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Fig. 12. Common-mode loops to control the output voltage and the bias current
of the proposed class-A/B stage.

the same stage, setting it to Viq/2: the detailed schematic is
reported in Fig. 12, where the PMOS differential pair together
with the NMOS active load that drives it represent the transcon-
ductors gm?2 and gm3. The current CMFB senses the input
common-mode voltage of the class-A/B stage and acts on the
driving stage to force reference current I}, to flow in the output
branches in quiescent conditions, whereas the voltage CMFB
senses the output common-mode voltage and injects (draws) a
current into (from) the central branches to set its value to Vaq /2.

The power consumption of the OTA and the relative bias
current level used in its various stages depends on many con-
siderations including the required bandwidth, the target noise
density at a given frequency, and the load to be driven. In
an FDD transceiver, TX-path noise is generally more critical
out-of-band than in-band to satisfy spurious emission specifi-
cations. The critical frequency range corresponds to the offset
between the TX and the RX band which, for the different
standards and working bands, goes from some megahertz
to several hundreds of megahertz. When using a multipath
architecture, the input noise density at low frequency (up to
several times the dominant pole location) is totally dominated
by the main input stage. On the other hand, when approaching
the amplifier unity gain frequency, the contribution of the other
stages (including those of the secondary path) starts to appear
and possibly become dominant depending on their relative bias
current level.

The bandwidth of this OTA ranges from 140 to 110 MHz (de-
pending on the bandwidth of the passive elements it needs to
drive), so the noise of all stages (and especially the last ones)
can become critical. This is why a significant portion of the total
bias current is given to the second and the feed-forward stages in
addition to the fact that they decide the size of the capacitor that
the OTA can drive and its stability, respectively. The first stage
(2 - gml, see Fig. 9) draws 120 pA, while the second and the
feed-forward stages (¢m2 and 2 - gm3), draw 400 and 600 pA,
respectively, which become 1 and 1 mA when processing large
bandwidth signal. The output class-A/B stage (gm4) has a qui-
escent bias current which can be controlled acting on the CMFB
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Fig. 13. Passives reconfiguration of the current-driven Biquad.

reference. This programmability strongly affects power con-
sumption since it affects the scaled-up class-A/B up-converter,
i.e., the most power-hungry stage of the transmitter. Changing
the quiescent current of the stage (from 100 up to 275 A for
each one of the four branches of Fig. 11) permits to trade off
nonlinearity/noise and power consumption.

E. Filtering Reconfigurability

The passive elements of the proposed current-driven Biquad
and those of the RC passive filter have been made reconfigurable
to adapt to the various standard supported (i.e., from 3G to LTE
for both TDD and FDD standards) and to compensate for tem-
perature/process variations.

Using (3), the wq of the current-driven Biquad can be pro-
grammed while keeping the same () (and, in particular,a @ = 1
to implement a Butterworth transfer function) by changing ei-
ther the I? or the C' and temperature/process compensation was
achieved acting on the C'. The following associations between
the current-driven Biquad and the passive filter wo have been
made.

* For LTE20 and LTEI15, the Biquad’s and RC’s wq is

18 MHz.

* For LTE10, the Biquad’s and RC’s wyq is 9 MHz.

* For narrower bandwidths, the Biquad wy is set at 6.3 MHz

and the RC wy at 4.5 MHz.

While the change of wy from 18 to 9 MHz was possible by
doubling both the capacitors of the current-driven Biquad and
the R of the real pole, for the narrower bandwidth case, it was
possible to double Iz but not I?;, thereby decreasing wg by
only about 30%. This is because the last configuration corre-
sponds to standard with 6 and 9 dB of PAPR, so the voltage
swing on I?;, that is maximized for 6 dB PAPR standards, would
have saturated the VGA output for standards with 9 dB PAPR
for a constant RMS power to be delivered. On the other hand,
this problem did not arise for the passive filter, given its limited
voltage swing, so in this case the R was actually doubled.

The resulting transfer function for this last case is no longer
a Butterworth one: however, simulations and measurements
proved that this creates no problems in terms of error vector
magnitude (EVM) [15]. A similar situation occurs when the
additional TT Biquad is activated to implement the fifth-order
configuration. The reconfigurable current-driven Biquad
schematic is shown in Fig. 13. Most of Cy has been grounded
as opposed to connecting it differentially (which would have
saved a factor of four in area) because, with a class-A/B VGA
and mixer transconductors, part of the noise coming from
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Fig. 15. Transmitter current consumption and baseband current consumption
from 1.8 V versus the output power transmitted.

common-mode portions leaks into the differential path. This
can degrade performances since the power consumption of the
common-mode circuits is much less than that of the differential
ones making their noise higher.

The values of the single-ended passives in the current-driven
Biquad for the highest cutoff frequency case are given below:
Ry =175 Q, Ry = 3.6 k2, Ch, = 50 pF, and C; = 2.5 pF,
while for the passive RC filter C =18 pF, R = 500 2.

IV. MEASUREMENTS

The transmitter has been implemented as a part of a fully re-
configurable transceiver, manufactured in 55 nm CMOS tech-
nology. In Fig. 14, the microphotograph of the transmitter is re-
ported. The whole analog section (BB plus up-converter) uses
a single 1.8 V supply and occupies an active area of 1.5 mm?,
almost equally divided between the RF and the BB sections.
About half of the BB area is occupied by the capacitors of the
filters.

The current consumption of the complete transmitter and that
of the sole baseband (DAC and TT Biquad excluded) when
transmitting in Band2 for LTE20, LTE10, and 3G are reported
in Fig. 15. The LTE10 measured output spectrum is reported in
Fig. 16.

Fig. 16. Measured output spectrum for LTE10, Band2.
-40
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Fig. 17. Transmitter linearity parameters versus transmitted power.
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Fig. 18. Out-of-band noise performances versus TX-RX frequency offset.

The advantages associated with the use of a class-A/B
up-converter can be appreciated noticing that, while delivering
the same RMS power, the current consumption is almost the
same for the various standards even if they have significantly
different PAPR. This is not the case for a transmitter that uses
a class-A up-converter as the one reported in [6]. When the
output power is lowered below —10 dBm (reducing the output
mirror input-to-output current ratio), the most power-hungry
section becomes the BB, while the up-converter absorbs only a
small fraction of the total current (less than 20 mA). The small
dc current difference between 3G/LTE10 and LTE20 is due to
a larger OTA current in the output transconductor for the latter
case. This is due to the need to drive a smaller resistance when
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COMPARISON WITH A VOLTAGE-MODE TRANSMITTER FROM [2]

[2] This Work
Parameter Unit LTE10 LTE10 LTE20 LTE10 LTE10 LTE20
Band - 5 12 2 5 17 2
Output Power (OP) dBm 2.45 0.4 2.6 2.8 0.2 3.1
ACLREg-uTra1 @OP | dBc -41.4 -41 -38.4 -43.4 -44 -43
ACLRyrRra2 @OP dBc -63 -67 -59 -54.9 -57.4 -54.5
EVM @OP % 1.7 1.9 2.4 1.4 1.4 1.4
Consumption @OP mW 111.2 101.2 126.4 97 90 93
. -160.5¢  —159*  —162.5% | —159° —158° —158°
RX-band noise @OP) dBc/Hz
@45MHz @30MHz @80MHz | @45MHz @30MHz @80MHz
Supply Voltage \Y 1.1/2.5 1.8
Area mm? 0.98 1.06¢
Technology nm 40 55 LP
(a) Carrier-to-Noise ratio; (b) measured with 20 RB; (c¢) measured with 50 RB;
(d) without DAC, TT Biquad and 2 baluns
TABLE II
COMPARISON WITH A CURRENT-MODE TRANSMITTERS FROM [6] AND [7]
[6] [71 This Work [6] [71 This Work
Parameter Unit LTEL0 LTE20
Max Output Power dBm 3.7 6 6 4 6 6
Output Power (OP) dBm 3.7 4 4 4 4 4
ACLRgyurRA1 @OP dBe -40.3 -44 -42 -40.3 -40.9 -42.5
ACLRpyTRA2 @OP dBc NA -55 -54.5 NA -55 -54.8
Consumption @OP mW 186 101 96 199 101 98
Consumption @-10dBm mW 56 39.5¢ 34 70 39.5¢ 36
EV M HB (LB) @0dBm % 0.66 (NA) 1.8 (1.4) 1.8 (1.4) 1.05 (NA) 14 (1) 14 (1)
. -155 -154 -158 -157 -155 -158
RX Noise@0dBm dBc/Hz
@30MHz @30MHz @30MHz | @120MHz @80MHz @80MHz
Supply Voltage v 1.55/2.7 1.8 1.8 1.55/2.7 1.8 1.8
Area mm? 5.06 1.3 1.5 5.06 1.3 1.5
Technology nm 90 55 LP 55 LP 90 55 LP 55 LP

(a) ISSCC13 Visual Supplements [7]

the pole of the last RC passive filter is tuned to high frequency
(see Fig. 9).

The possibility of controlling the TX output power also by
programming the current ratio in the VGA mirror allows to
decrease also the BB current consumption at very low output
power (Fig. 15). The total current consumption decreases at
a very small rate when the output power is reduced below
—15 dBm. This is because the fractional mirror factor of the
up-converter was not used during the measurements, instead
the output power was scaled down using the programmable
attenuators at the balun level (which is nominally activated
below —40 dBm). As a consequence, the current consump-
tion of the up-converter is not minimized. Such a choice was
made to reduce the LO leakage to an acceptable level without
activating the calibration loop.

In Fig. 17, the adjacent channel leakage ratio (ACLR) versus
output power for LTE20, LTE10, and 3G are reported in Band2
for the portion of the RF signal located on the left-hand side
of the carrier, which shows a worse behavior than the one on
the right-hand side. ACLRg_uyTra1 and ACLR; stay below
—42 and —45 dBc (for 4G and 3G) up to 4 dBm. At low power,
linearity is limited by the BB (dominated by the last current
mirror because of the presence of the passive filter), while at
higher power by signal compression in the up-converter.

RX-band noise measurements for the bands with the most
critical TX-RX offsets are reported in Fig. 18, at 0 dBm output
power. The measurements for 4G standard have been made with
transmitted signals composed of partial resource block (RB), as
specified by 3 GPP, while in the 3G case the full signal was
used. The TX output was fed to the antenna port of a duplexer
tuned to the target band and measurements were done on the
RX port (with the TX port terminated on 50 §2), de-embedding
the duplexer and cable attenuations. In this way, the transmitted
signal was sufficiently suppressed by the stop-band of the du-
plexer to make it possible to measure the RX-band noise without
saturating the spectrum analyzer. The worst case is the LTE10
Band17 which has a TX-RX frequency offset of 30 MHz, where
the transmitter shows a noise equal to — 158 dBc/Hz.

Finally, a comparison with the state of the art is provided.
In Table I, the comparison is done with a transmitter that uses a
voltage-mode approach [1]-[3] while in Table II the comparison
is done with two current-mode transmitter [6], [7]. Notice that
the DAC is excluded from all comparisons.

Table I compares for similar output powers and TX-RX off-
sets. Our transmitter shows better ACLR g_yTra1 and less
power consumption and, featuring only one 1.8 V supply as op-
posed to two (at 1.1 V and 2.5 V), is less costly. RX-band noise
is generally a bit larger for our implementation. However, in [2],
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the noise testing condition used (1 MHz BB tone [3]) is not 3
GPP compliant and can give significantly better results. Chip
area (considering the same building blocks) is less than 10%
larger in our implementation, but using an older technology.

Comparing with two recent current-mode transmitters
(Table II), the following conclusion can be drown. With respect
to the first TX [6] that uses a class-A up-converter, our work
shows similar performance but requires about one quarter
of silicon area and significantly less current consumption,
especially in the range of output power from 4 dBm and —10
dBm. This is because we use a class-A/B approach in the
up-converter that dominates the consumption above — 10 dBm.
Finally, the use of a single supply as opposed to two makes our
solution cheaper. Compared with the transmitter described in
[7], on which our implementation is based, the new solution
shows an improvement of 4 dB in LTE10 and 3 dB in LTE20
in the RX-band noise and requires, respectively, about 3 and 2
mA less current thanks to the new BB architecture. In LTE10,
the power saving, although very small at 4 dBm, is already
about 16% at —10 dBm and exceeds 25% at very low output
power. On the other hand, the area is increased by about 15%
primarily due to the size of the capacitors (single-ended) used
in the passive filters.

V. CONCLUSION

This paper describes a complete SAW-less multistandard
transmitter in 55 nm for 3G/4G applications. The proposed
architecture operates entirely in current mode from the DAC
to the up-converter and is based on a reconfigurable active fil-
tering block merged with the active mixer driver. This permits
to attenuate out-of-band emissions just before the up-converter,
as in state-of-the-art transmitters using passive voltage mixers.
Furthermore, the use of a class-A/B approach along the entire
chain, and especially in the up-converter, further reduces the
out-of-band emission and the power consumption. The real-
ized prototype occupies 1.5 mm? and, compared with passive
and with active mixer based transmitters, shows high power
efficiency (less than 100 mW at 4 dBm of output power) and
low out-of-band emissions for small TX-RX frequency offsets
(< —158 dBc/Hz).
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