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Abstract— To meet the requirements of wearable wireless
sensor networks (W-WSN), the power dissipation of the RF
transceiver has to be drastically reduced. This paper presents two
ultra-low power Low Noise Amplifiers (LNAs) with RF
performance exceeding the requirement of the intended
application. In the first LNA, by reusing the current several times
and employing passive gm boosting, the LNA input impedance is
reduced by a factor of 24 compared to a single transistor using the
same current. The feasibility of passive gm boosting for designing
an ultra-low supply voltage LNA is also investigated. Limitations
of both LNAs including NF, non-linearity and stability in a 40 nm
CMOS technology are also investigated. The proposed LNAs
consume only 30 pW of power, operate with 0.8 V and 0.18 V and
show NF of 3.3 dB and 5.2 dB respectively. Using a widely accepted
Figure-of-Merit for LNAs, the proposed circuit is almost three
times better than the best previously reported sub-mW LNA.

Keywords— ultra low power, low noise figure, current reuse, gm-
boosting, ultra-low voltage, WSN.

1. INTRODUCTION

HE increasing demand for Wireless Sensor Networks

(WSN) has recently motivated extensive research efforts on
ultra-low power (ULP) transceivers. For WSNs it is especially
critical to reduce receiver power dissipation since the sensor is
mostly operating in the receive mode rather than in transmit
mode. Moreover, some ULP applications, such as wireless
medical telemetry and Wearable-WSN (W-WSN), require the
portable devices to operate from a single Lithium lon battery or
to use energy harvested from the environment, calling for ultra-
low voltage (ULV) designs. The use of a drastically reduced
supply voltage makes designing ULP receivers even more
challenging. It prevents stacking of devices, limiting the
achievable reverse isolation and the maximum available gain in
amplifiers.

Several low-power design techniques have been proposed to
minimize the receiver power dissipation. The use of a low
supply voltage (e.g. 300 mV in [1] and 180 mV in [2]) and the
reuse of the same current in more than one block (e.g. [4,5,6])
are commonly adopted. The Bluetooth Low-Energy (BT-LE)
receiver in [2] consumes as little as 382 pW. However, due to
the extremely limited headroom, two stage inductive load LNA
was used, leading to large chip area (1.65 mm?). To reduce
power and area, a mixer-first approach can be utilized.
However, by removing the LNA, the noise contribution of the

transimpedance amplifier (TIA) that typically follows the mixer
increases due to the significantly reduced TIA driving
impedance. As a result, a much larger power has to be
consumed in the TIA, leading to larger overall power
dissipation [3]. Stacking several circuit blocks that perform
different functions on top of each other [4-6] poses several
isolation issues that adversely affect the overall performance
and prevent true ULP operation. For this reason, an ULP LNA
that adopts current-reuse within the same block is proposed.
When the receiver noise requirements are relaxed, the main
constraint on the LNA current consumption comes from the
device g;». This is due to the need to ensure impedance matching
to the 50 Q source and sufficient gain to make the noise
contribution of the following stages negligible. In [6] the LNA,
which performs also quadrature signal splitting, has a NF of
15.8 dB but still draws 530 pA. In [7] an ULP common-gate
(CG) LNA operating at 2.4 GHz with a power consumption of
only 30 uW was presented. The LNA operates from a 0.8 V
supply voltage and, by reusing the current several times and
employing transformer-based g boosting, it reduces the LNA
input impedance by a factor of 24 compared to a single CG
transistor using the same current. In this work an extended
analysis of the LNA in [7] is presented, including transformer
optimization, stability and linearity analyses and process and
supply-voltage sensitivity analyses. Moreover, the design is
compared with an ULV LNA based on the same transformer-
based gm boosting technique, operating from a 0.18 V supply
and consuming only 30 uW. The comparison highlights the
differences between a current-reuse design with a higher supply
voltage and a ULV design with the same power dissipation. In
section II, system overview of intended wireless standard is
introduced. Fundamental limitations of popular LNA
topologies and surveying recently published ULP LNAs are
presented in section III. Analysis and design of the proposed
LNAs are given in section IV. Simulation results and
conclusion are provided in section V and VI respectively.

II.  SYSTEM OVERVIEW
The main communication standards for short range and low
power applications are IEEE 802.15.4, IEEE 802.15.6, and
Bluetooth Low Energy (BLE). Among them, BLE is dedicated
to ultra-low power consumption systems and targets
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applications for small and low-cost devices powered by small
batteries, such as wireless sensors [8-9]. BLE operates in the
2.4 GHz ISM band ranges between 2400 to 2483.5 MHz and 40
channels with IMHz bandwidth are spaced within 2 MHz [8].
BLE uses frequency hopping and GFSK modulation operating
at symbol rate of 1 Msps and its modulation index is 0.5. It has
data rate of 1 Mbit/s with an average throughput of 270 kbit/s.
The main requirements of the BLE receiver are summarized in
Table I [10]. The required 20 dB NF was determined based on
the following considerations. For the optimum modulation
scheme, the minimum SNR is 12 dB [10]. A 10 dB margin
above the basic sensitivity level of -70 dBm is typically targeted
to account for implementation non-idealities and 2 dB insertion
loss (IL) is associated to the SAW filter placed in front of the
receiver. As a result, the noise floor equals -94 dBm [11-12].
For the ITP3 requirement the standard specifies that the input
signal should be 6 dB above the sensitivity level, i.e. -74 dBm.
The third order intermodulation power (IM3) together with the
integrated receiver input noise floor of -94 dBm, can be at most
6 dB above the noise floor, i.e. -88 dBm. Hence the maximum
IM3 is -89.2 dBm. The largest in-band interferers have a
minimum offset frequency from the desired channel of 3 MHz
and have a power level of -50 dBm. As a result, an antenna-
referred IIP3 requirement of -30.4 dBm is derived,
corresponding to -32.4 dBm IIP3 for the receiver, considering
the 2 dB IL of the SAW. Out-of-band interferers are larger than
in-band interferers, up to -30 dBm, but are strongly attenuated
by the input SAW filter and therefore are less of a concern. In
the same way, a very relaxed receiver IIP2 requirement of -12.7
dBm can be derived.

According to the aforementioned discussion, BLE standards
have very relaxed requirements in terms of noise, linearity and
image rejection. In WSN applications, it is extremely important
to take advantage of the relaxed specifications to reduce the
receiver power dissipation. The LNA is generally considered as
one of the most power hungry and challenging blocks and
typically dominates both the NF and the out-of-band (OOB)
ITP3. The most popular LNA topologies (e.g. inductive-
degeneration, shunt-feedback, noise-canceling, etc.) were
developed with the main goal of lowering the added noise. For
WSN applications, instead, the main goal is to lower power
dissipation. Hence, the noise-vs-power trade-off should be
exploited to lower the power rather than to improve noise.

In the next section we will review the main LNA topologies
that have been proposed to achieve this goal.

III. REVIEW OF ULTRA-LOW POWER LNAS

Biasing transistors in the weak inversion region, where the
maximum gn/l¢ can be achieved, is one of the most effective
approaches to minimize the dissipated power in analog circuits
[13]. However, weakly inverted transistors present very poor
frequency response and, as a result, they cannot be widely used
in RF circuit design. To optimize the ULP RF circuits, a figure
of merit (FOMRE), gmfi/14, was defined [13]. Maximizing FoMgr

Table. I. Summary of BLE Receiver Requirement

RX Sensitivity -80 dBm
NF 20dB
Maximum input power -10 dBm
Adjacent interference, C/lg 1,23 Mz 15,-17,-27 dB
Image frequency interference, C/limage -9 dB

Phase Noise @2.5 MHz -102.5 dBc/Hz

1IP3 -30.4 dBm

11p2 -12.7 dBm

Minimum Image rejection 26 dB

corresponds to the maximization of the gain-bandwidth-product
(GBW) represented by the gmf: product for a given bias current.
Maximum FoMgr is achieved by biasing the transistors in
moderate inversion region, which gives suitable compromise
between current efficiency, i.e. gm/l4, and bandwidth (i.e. f). In
this section, the fundamental limitations of popular Common
Source (CS) and Common Gate (CG) LNA topologies for low
power operation will be discussed. Then, the state-of-the-art
LNA topologies for ULP will be investigated. In all topologies
the noise contribution of the load will be neglected in order to
emphasize the noise-power trade-off of the input devices.

A. Resistively-terminated CS

The resistively-terminated CS amplifier shown in Fig. 1.a is
the simplest configuration that allows to fulfill the input
matching condition independently from the device
transconductance. This allows to achieve impedance matching
while dissipating very low power. However, other key RF
metrics are seriously degraded. The noise factor (F) of this LNA
is given by:

Feo4 2 (1)
g)”RS

where y is the transistor thermal noise coefficient. To achieve a
NF below 6 dB, the device gn needs to be greater than 25 mS.
The transconductance gain of the amplifier is simply given by
the device gm, hence if gn is lower than 20 mS the LNA output
current is lower than the input current and the LNA acts as a
signal attenuator. Hence, lowering the bias current also leads to
low gain and high noise from the following stages.

B. Shunt feedback CS

Shunt feedback CS amplifier is another popular topology and
it can be relatively wideband (Fig. 1(b)). The noise factor (F),
input impedance (Zi,) and the voltage gain (A,) of the shunt
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Fig. 1. Basic LNA topologies: (a) resistively-terminated CS; (b) shunt feedback CS; (c) active shunt feedback CS; (d) common-gate; (e) active shunt
feedback CG; (f) inductive degeneration LNA; (g) transformer-based CG LNA (gate boosting for T>1).

feedback CS can be computed as follows:

4

F>1+—— 2
ngRS ( )
Zm =M (3)
l+g,.R,
g +1/R
A, :1—/'” 4)
/R, +1/R,

According to (2), to attain a NF lower than 6 dB, the device
gm only requires to be greater than 5 mS, which corresponds to
a current of approximately 300 pA in moderate inversion. To
perform the input impedance matching, however, the device gm
cannot be less than 20 mS, as given by (3) for Ri>>Rg. Hence,
with this topology, the consumed power is limited by input
matching more than by the noise or gain constraints.

C. Active shunt feedback CS

In contrast to the resistive shunt feedback, active feedback
can be utilized to perform input matching while minimizing
power consumption (see Fig. 1(c)). A buffer is placed around a
CS amplifier to provide shunt feedback without loading the CS
amplifier output, as shown in Fig.1(c). The input impedance of
the amplifier can be computed as follows:

1

= 5
g.n1+g,,R) ©)

in

Both devices gm can be easily less than 5 mS to provide input
power matching (assuming resistive load of 1 kQ), thus there is
no significant power constrain from the input impedance
matching condition. The NF of amplifier is given by:

7/(1 + ngRs )2
g.R

ml™ s

F 2 1+ 7‘g1712R.v + (6)

It can be seen from (6) that, as the device gm is reduced, the
NF quickly degrades. To achieve a NF < 6 dB, gmi > 8 mS and

gm2> 1 mS are required. This is better than with the resistive
shunt feedback but still not quite ULP. In fact, the current of the
core amplifier (M1) is constrained by noise considerations.

D. Common-Gate

The common-gate (CG) topology is well-known for its
inherent wide bandwidth. In its basic configuration, as reported
in Fig. 1(d), the input device gn is limited by input power
matching constrain (Zix=1/gm) and needs to be 20 mS, similar
to that of resistive shunt feedback CS amplifier.

E. Active shunt feedback CG

One of the effective methods to reduce the required device
gm for input matching constrain is to employ active shunt
feedback in CG amplifier [15]. As shown in Fig. 1(e), the circuit
utilize the CG transistor (M1) as the core amplifier, with shunt
feedback provided by a CS transistor (M2). The input
impedance of the amplifier is given by:

1

L ™)
gml+g,,R)

in

According to (7), the feedback network boosts the effective
gm by loop gain, which facilitates good input matching with
much less bias current. The required device gn, for CG is 20 mS
divided by the loop gain (gmoRr). So it is reasonable to choose
both device g to be less than 4 mS (assuming resistive load of
1 kQ) to perform input matching, which allows to minimize
power dissipation. The voltage gain and the noise factor are:

guls

= (3
' Rig, (1+g,,R)+1
4
F>1+ +78,.Rs )
gmlRS

From (9), we can conclude that the main limitation of this
configuration, with low device gm, is higher NF. To attain NF<6
dB, gm1 has to be greater than gm, by a factor of approximately
4 (e.g. gm=7 mS, gmx=2 mS and R =1 kQ).
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Fig. 2. Passive g, boosting CG amplifiers (a-c) and current-reuse CG amplifier (d) [7].

F. Inductive degeneration LNA

So far the most popular inductor-less LNA topologies have
been introduced. Now we can extend our exploration to
magnetic devices based solutions. The inductive degeneration
LNA is the most efficient method to perform low noise
impedance matching (Fig. 1(f)). Assuming a loss-less inductor,
input impedance matching can be achieved by resonating the
reactive components (Lq+Ls with Cgs) and setting the real part
gmLs/Cqgs to Rs:

in

g L 1
==2—+s(Lg+Ls)+— 10
C (Lg+Ls)+—= (10)

gs gs

where Cg is gate-source capacitor and L, and L are the gate
and degeneration inductors respectively. In principle, it is
possible to generate 50 Q input impedance with a small gn, (e.g.
5 mS). However, to cancel the imaginary part of input
impedance, it is required to employ very big series inductor at
the gate to resonate it out. For large L, and small Ls, the
resonance condition can be written as ®oLg=(w/wo)(1/gm),
where ®; =gn/Cgs and ay is the operating frequency. Assuming
¢ to be 4 times the operating frequency (e.g. 10 GHz for the
2.5 GHz band) a series inductor of more than 40 nH would be
required, which can hardly be integrated on chip. The noise
figure of this topology, assuming ideal inductors, is given by:

2
F2l4yg,R, [ﬂj (11
[0)

t

According to (11), NF can be well below 6 dB for a gn of
5mS. The input device trans-conductance is enhanced by a
factor Q, equal to the quality factor of the input resonant
network, improving noise and gain. However, as the input
device gm scales down (when power dissipation is reduced),
performance quickly degrades. In fact, the input Q must be
increased so as to keep the transconductance gain (G,,) at an
acceptable level. This quickly degrades the amplifier linearity
since the signal between the gate and source of the transistor
increases proportionally to the Q. Moreover, the use of the
larger inductors increases chip size and degrades the noise due
to increased series resistance of the inductor. In summary, the
main limitation of this topology for low-power designs comes

from technology limitations such as inductor area and losses.

G. Transformer-based gate-boosting CG LNA

As stated earlier, the power dissipation of CG LNAs is
mainly limited by the input impedance matching requirement.
Applying voltage gain through an on-chip transformer across
the gate and source terminals of the input transistor (gate
boosting) can effectively reduce the required device gm to
perform input impedance matching. Assuming ideal and
noiseless transformer, input impedance and NF of transformer-
based LNA in Fig. 1(g) can be computed as follows:

1

/ =— 12
" (D) (12)
Fele—2L (13)
( 2
1+7) g, R,

where T is the transformer turns ratio. However, it is difficult
to achieve voltage gain of more than 3 with an on-chip
transformer. Moreover, even though the device noise can be
significantly reduced, the loss of the transformer can drastically
degrade the overall NF.

From the above discussion, it is quite difficult, with popular
and conventional LNA topologies, to achieve reasonably good
performance with very low power consumption (e.g. 100 pW).
Therefore, we need to explore more innovative topologies to
drastically reduce power dissipation.

H. ULP LNA Topologies

In [16] a 100 pW LNA is presented. It is based on a
complementary CS amplifier which is impedance matched to
the source by the lossy LC resonant circuit at its input. This
solution can be seen as an improved version of the resistively-
terminated CS amplifier of Fig. 1(a). In fact, the inductor losses
provide the resistive part of the input impedance, as required for
power matching. Furthermore, the input resonator provides an
effective passive voltage gain equal to its quality factor (~5),
that boosts the LNA G,. The main disadvantage is the
degradation of the linearity but for ULP applications this may
be acceptable. The complete receiver has a NF of 9 dB, an IIP3
of -21 dBm and consumes 400 uW from a 0.8 V supply.
Another popular topology is shunt-feedback.
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In [17] a complementary common-source amplifier with
capacitive load and resistive shunt-feedback is presented. The
resulting input impedance has a small resistive part and a large
reactive part, which is resonated out using a large (10.2 nH)
series inductor, leading to a large and resistive input impedance.
Similar to [16], this passive impedance boosting scheme is used
also to increase the gain. The resulting LNA has a NF of 5.3 dB
at 2.4 GHz and draws only 150 pA from a 0.4 V supply. Even
though the LNA performance and power are quite remarkable,
the integration of the LNA in a complete receiver is not
straightforward. In fact, the low supply voltage is hardly
compatible with active mixers. On the other hand, the LNA
would not work properly if a passive mixer was directly
connected at its output since a capacitive LNA load impedance
is required to achieve input impedance matching.

An improved active shunt feedback CG LNA is presented in
[18]. Since reducing the bias current would severely degrade
the NF, the power dissipation is reduced combining current
reuse with a low voltage supply of 0.4 V. Operating with ultra-
low supply voltage degrades the intrinsic gain of transistors due
to short channel effects. In [18], forward body biasing (FBB)
technique is employed to alleviate output conductance
degradation without consuming extra power. The CG LNA
along with a complementary current reuse active shunt
feedback and inductive gm-boosting is utilized to improve the
overall performance and decreasing power consumption. The
resulting LNA has a NF of 4.5 dB at 2.5 GHz and consumes
160 uW, however it requires 3 big inductors (30 nH total
inductance), which significantly increase chip area.

In [13] a single-ended LNA using gm-boosting inductive
feedback is presented. A differential inductor with grounded
center-tap is connected between source and gate of input device
(in AC). The stage resembles the LNA in Fig. 1(g) but where
the input is taken at the gate terminal and the transformer acts
as an auto-transformer, with unitary turns ratio, effectively
halving the input impedance and doubling the input device
trans-conductance. To boost the source impedance above 50
and lower the g, of the input transistor required for impedance
matching, the inductor, together with a series capacitor, form a
high-pass L-match network. The LNA draws 100 pA from a 1
V supply and achieves a NF of less than 4 dB at 1 GHz.
Compared with the other ULP solutions, the latter LNA
achieves lower noise and requires less current but it is hard to
further lower its power dissipation without severely degrading
its noise. In fact, to push further the impedance boosting factor,
an even larger input inductor would be required, increasing the
impact of'its losses until, as in [16], they determine the real part
of the input impedance, with a considerable NF degradation.

IV.  CIRCUIT DESCRIPTION

A. Gate-boosting and impedance boosting topology

Transformer feedback has been used extensively in the
literature to improve LNA performance. Various configurations
have been proposed: drain-source feedback achieves very low
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NF [26], gate-source feedback achieves low NF and wideband
operation [27-28], drain-gate transformer feedback can be used
to achieve gate-drain capacitance neutralization [29] improving
the maximum gain at high frequencies. Transformer feedback
can be used in combination with other techniques: in [30] gate-
drain transformer feedback is used together with noise-
cancellation to achieve lower noise [30] and dual-loop
transformer feedback is used in [31] together with local positive
feedback. Transformer feedback allows the LNA to operate at
very low-voltage [1] and it has been employed also to achieve
sub-1 mW power dissipation [13]. The proposed CG LNAs can
be described conceptually starting from the simplified
schematic reported in Fig. 2(a). A transformer with a 1:T turns
ratio can be used to lower the power consumption of a CG
amplifier in two ways: first, using a step-up transformer (T>1)
as a wideband impedance converter by a factor T2. Compared
with an LC impedance transformation network, transformers
have wider bandwidth and are less sensitive to inductor losses.
Second, a 1:T transformer can be used to boost the gate-source
voltage by a factor 1+T, without requiring extra power (Fig.
2(b)). In this work the basic idea is to combine impedance
transformation and passive signal-boosting. As shown in Fig.
2(c), the LNA input is connected to the primary of the
transformer and to the gate of the input device, while the source
of the same device is connected to the transformer secondary.
Assuming (ideally) a transformer with k=1, the source voltage
is boosted by a factor of T while the gate-source voltage is
boosted by a factor 1+T with respect to the input. The G, is
therefore:

G,=0+Tg, (14)

The input impedance is given by the impedance seen at the
device source divided by T%:

P — (15)
g, T(1+1)

To evaluate the required device gm and the achievable NF
versus the transformer turns ratio, the schematic in Fig.2(c) with
lossless transformer was simulated and the results are reported
in Fig. 3. A step-down transformer (T<1) can provide higher
signal current and also improve NF but it significantly raises the
power consumption. For instance, for T=0.25, NF can be as low
as 0.8 dB and the required device gm to perform input power
matching is 64 mS, which is extremely power hungry for this
application. With a 1:1 transformer (T=1) the device g
required for impedance matching is 1/(2Rs) and G, is the same
as with a CG amplifier that carries twice as much current (i.e.
doubling the G,/I; ratio). To save power, a step-up transformer
should be used instead. Neglecting transformer loss, for T>>1,
the required device g, (and therefore power consumption)
scales down as T? while F converges to 1+y (i.e. typically below
3 dB). Hence, the noise-power trade-off is much better
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Fig. 3. Simulation of required device gm and NF vs T

compared to other ULP topologies such as the resistive-
termination amplifier. With T=2, the device gm required for
impedance matching is 1/(6R;) and G,, is one half that of a CG
amplifier that carries six times the current (i.e. three times as
efficient). When T becomes large transformer losses are no
longer negligible. Modelling transformer losses as a resistance
Rioss at its secondary, the LNA noise factor is:

2
F:1+£+% (16)
+

loss

where v is the MOSFET noise parameter, the second term on
the right-hand side accounts for the transistor thermal noise. For
T=2 and a loss-less transformer F=1+2/3y, which corresponds
to a NF of 2.2 dB at the desired frequency. For large T the third
term dominates since Ross does not scale up as T2. At the same
time the G, scales down as 1/T, making the noise of the
following stages more important. An additional power saving
technique is highly desirable to achieve ULP operation. Two
options will be investigated: current-reuse and ultra-low supply.

B. Current-reuse LNA Design

Stacking more devices to re-use bias current can improve
voltage efficiency, further reducing power consumption. A
current reuse scheme for CG amplifiers is shown in Fig. 2(d): a
PMOS is stacked on top of an NMOS and the signal is fed at
both sources through capacitors, resulting in an equivalent G,
= gmnmost gmNmos . For the same input impedance and NF, this
enables to halve the DC current. A similar solution was adopted
in [18] but using large inductors instead of resistors. Merging
passive gain boosting in Fig.2(c) and current reuse scheme in
Fig.2(d), results in the device gm required for impedance
matching to be 1/(12R;). One of the issues to deal with is the
minimum supply voltage required by the voltage-stacking
scheme. When a low supply voltage is used the value of the bias
resistors must be reduced, increasing the NF. In this work, we
assume that only a supply voltage of 0.8 V is available and used
for the entire design. Driving one of the two transistor sources
with the secondary of the transformer eliminates one of the two
bias resistors. This leaves plenty of voltage headroom that can
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Fig. 4. Schematic of Proposed ULP LNA [7]

be used to further reduce the DC current by stacking more
devices. The schematic of the actual ULP LNA proposed in this
work is depicted in Fig.4. Two NMOS and two PMOS share the
same bias current and have the same gate-source voltage signal.
To have equal gn for all devices, PMOS size is 3 times that of
NMOS and all devices are biased in moderate inversion for
optimum FoMgr. Assuming all devices to have the same g, the
total equivalent G, is equal to four times the device gp.
Combining this current-reuse scheme with a 1:2 transformer,
the device g, required for impedance matching is only 1/(24Rs).
As a result, the LNA bias current can be as low as 38uA. The
voltage drop across the 3 kQ bias resistor is less than 120mV,
leaving on average more than 170 mV Vds across each MOS to
ensure operation in saturation region. The gate-source voltage
of each device is three times the LNA input voltage, resulting
in a total G, of 4x3/(24Rs)=10 mS. This is one half that of a
plain CG amplifier but with a current saving of 24x and a 12x
G,/I4ratio. Including transformer losses, the noise factor of the
proposed LNA is:

N T’R, N T’R,
1+T R, R (17)
where Rioss is the equivalent parallel loss resistance of the
transformer at secondary, and R is the biasing resistor. The bias
current is set through a 1:20 current mirror using two diode-
connected transistors in series, one NMOS and one PMOS,
connecting to the gates of M2 and M3. The drain voltages of
M4 and M1 are set to 0.65 V and 0.25 V respectively through
two folded-cascode OPAMPs. Each OPAMP consumes 0.8 pA
and its reference current (0.2 pA) is used also to generate Vrefl
and Vref2. The total power dissipation of the references and
bias circuits is 3.1 uW. In a complete receiver the proposed
design can operate as low-noise transconductance amplifier

F=1+
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(LNTA) in front of passive mixer since it has sufficiently large
transcondutance of 10 mS and a sufficiently high output
impedance is 1.25 kQ. Notice that, if a cascode had been used
instead of M2 and M3 in Fig.4, ideally the required device gm
to perform input matching would be 1/(12Rs) and the required
current would be doubled. To preserve the same drop voltage
across drain-source of all transistors, the bottom resistor would
have to be halved, degrading the NF.

C. ULV LNA Design

In this section, we investigate feasibility of proposed
impedance transformation and passive signal-boosting for
ultra-low supply voltage LNA, as shown in Fig. 5. Instead of
employing current reuse approach, we can drastically reduce
supply voltage to minimize the power consumption. For fair
comparison, the supply voltage is considered to be 0.18 V,
similar to the average dropped voltage across drain-source of
transistors in the current reuse LNA of Fig. 4. Additionally, for
the same transformer turns ratio T=2, the required device gn for
impedance matching is 1/(6R;). Using a four-times higher bias
current compared to the current-reuse LNA of Fig. 4, the power
consumption is nearly equal. Due to the extremely limited
available voltage headroom, inductive load has to be used.
Moreover, an ULP charge pump can be employed to boost the
available supply voltage to the sufficient value to drive the gate
of the transistor (e.g. in [2] the supply voltage of 0.18 V was
boosted by factor of 3, reaching 0.54 V). Since a very small
static current is required from the boosted voltage, the power
dissipation and area occupation of the charge pump will be
determined by other receiver building blocks and is not further
investigated here. If we model the noise of the load inductor as
a parallel resistor Riad, the equivalent noise factor can be
computed as follows:

2 2
LT TRy AT°R
1+T R R

loss load

F=1

(18)

where Ry is the equivalent loss of the load inductor. As can be
clearly seen from (18), due to the limited Q of on-chip
inductors, inductive load significantly contributes to the total
noise factor. In fact, even assuming equal loss resistance for
transformer and load inductor, the noise of the load directly
goes to the output, while only half of the input transformer noise
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current goes to the output due to the input matching, as a result
the input referred noise of the load counts 4 times more. As a
consequence, the NF of the ULV is expected to be higher than
for the current reuse LNA. For fair comparison, the load
inductor is chosen such that the two LNAs have almost equal
gain. The load inductor is chosen to be 3.5 nH and has a Q of
11.5. Tt is implemented in 4 turns, winding width of 6 pm,
spacing of 2 um and the occupied area is 0.048 mm?. It is
obvious that using inductive load leads to a narrow-band
frequency response, as will be clearly shown in the simulation
results (Fig.13).

D. Stability

In high frequency amplifier design, stability needs to be
wisely taken into consideration. Even though standard CG
LNAs are ideally very stable, it is interesting to investigate the
stability of the proposed LNAs due to application of gn
boosting. The parasitic gate-drain capacitance introduces a
high-frequency feedback path that reflects the load impedance
at the input and can cause stability issues. This effect is more
alarming for inductive loads. In fact, due to the Miller
multiplication, inductive loads can create negative impedance
at the input and potentially cause instability. The Rollett’s
stability factor (K factor), represents stability utilizing S-
parameters and is expressed as follows [19]

2

y 1_|S11|2 _|S22 ’ +|S11522 _S12S21|
2|S12$21|

K

(19)

When K>1 circuit is unconditionally stable. It can be
observed from the simulation results in Fig. 6 that the ULV
LNA is unconditionally stable at all frequencies. Initially the K
factor of current reuse LNA was dangerously close to 1 at high
frequencies. This is due to the fact that transistors M2 and M3
were oversized by factor of 4 with respect to M4 and M1
respectively in order to enable their biasing with gate voltages
within the supply rails. Effectively M2 and M3 are biased in
weak inversion, which strongly degrades their fr. Using above-
supply biasing as for the ULV LNA transistor would allow to
reduce their size by 4x, significantly improving stability thanks
to the lower Si». As an alternative, in this work, a small 100 fF
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out

Fig.7. Simplified schematic for linearity analysis.

capacitor with 50 Q series resistor is added to the output. This
increases losses at high frequencies, well above the 2.5 GHz
signal band, reducing S» and ensures unconditional stability
also for the current reuse LNA as can be clearly seen in Fig.6.

E. Linearity Analysis

The dominant sources of nonlinearity in a MOS transistor are
the nonlinear transconductance gm, which converts the linear
input voltage to nonlinear output drain current, and the output
conductance [20]. When the voltage gain is sufficiently low, as
in the present case, the drain conductance nonlinearity can be
neglected to simplify further the analysis. Hence, in this section
ITP3 will be evaluated assuming a grounded output. The weakly
nonlinear MOS model for analysis of 1IP3 is expressed as
follows:

id ~ glegs +gm2V;v +gm3Vg3s (20)

To compute the 1TP3 of the LNA, the simplified schematic of
Fig. 7 can be used. The equivalent signal generator is
represented at the source, scaled by the transformer by a factor
T. The gate signal is therefore applied to an ideal amplifier that
scales down the signal by 1/T. The complete derivation of the
Volterra kernels is provided in Appendix I. The resulting ITP3
voltage Aps can be expressed as:

4
3

G

G,

Apy =

2h

The nth-order transconductance nonlinearity coefficients of
the transistors (gmx) are derived from simulations and used in
(21) to estimate the expected LNA IIP3. For the current reuse
LNA, gmx is the summation of nth-order nonlinearity of all
NMOS and PMOS transistors. In Fig. 8 the second-order (gm:2)
and third-order (gm3) nonlinearity transcondutance coefficients
of transistors versus Vg is reported and each of them is
separately extracted at its nominal Vds in the entire LNA. In
principle, complementary derivative superposition could have
been used as an effective linearization method to improve the
stacked LNA TIP3 [21,22]. For instance, one NMOS transistor
can be biased in strong inversion and the other one in weak
inversion such that the nonlinearity of the two have the same
magnitude but opposite polarity and cancel out each other. In
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Fig. 8. (a) Second-order (gm2) and (b) third-order (gm.;) nonlinearity
transcondutance coefficients of transistors versus Vgs.
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Fig. 9. Simulated and calculated 1IP3 vs offset frequency from 2.4
GHz for current-reuse LNA (Vg M 4=0.4 V; M»5=0.3 V) and ULV
LNA (Vgs=0.35 V).
this

Table II: extracted nonlinearity coefficients of transistors

M1 M2 M3 M4 M35

gni(MA/V) 0.834 1.12 0.975 0.796 2.7
| gma(mA/V?) 7.35 9.1 9.5 =72 18

Zn3(MA/ V) 32.3 51.7 52 35.5 67.3

design, however, the main constraint is given by the NF vs
power trade-off. Biasing the transistors in strong inversion to
improve linearity would lower the overall transconductance due
to the lower gw/lq and degrade the NF or require a higher bias
current. Moreover, in order to ensure operation of all the
transistors in saturation a higher supply voltage or fewer
stacked devices should be used.

In this design the Vgs of all the devices are not equal: while
M1 and M4 are biased in moderate inversion, the biasing of M2
and M3 was chosen to ensure that the gate of M2 stays above
ground and the gate of M3 stays below the supply voltage. This
avoids the use of a supplementary supply voltage but pushes
M2 and M3 closer to weak inversion. The transistors small-
signal nonlinear parameters at the nominal bias for the current
reuse LNA (M1-4) and for the ULV LNA (MS5) are reported in
Table II. The IIP3 of the two LNAs is reported in Fig. 9 as a
function of the two-tones frequency spacing. An IIP3 of -11.3
to -10.3 dBm for the current reuse LNA and -10.7 dBm for the
ULV LNA are achieved. Based on the extracted nonlinearity
coefficients and equation (21), the estimated I1IP3 are -9.2 dBm
and -11 dBm for current reuse LNA and ULV LNA
respectively. The excellent agreement between calculations and

Page 8 of 15
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Fig.10. Layout of transformer

simulations confirms the validity of the nonlinearity analysis
for the ULV LNA. For the current reuse LNA, the 1-2 dB error
is likely due to the approximation taken when computing the
combined distortion of the four transistors. In fact, the nonlinear
voltages at gate and source of the four transistors are not exactly
equal since some of them, being AC coupled, differ in the
second-order intermodulation terms at fi-f>, that are not
propagated by the AC-coupling capacitors. Nonetheless, the
ITP3 is mostly determined by the third order nonlinearity
coefficients and it is dominated by M2 and M3, that are biased
closer to weak inversion and share the same source node,
leading to an acceptable error.

F. Transformer Design and Optimization

The transformer is attached to the LNA input, hence its noise
(loss) is directly added to the antenna noise source and degrades
the NF. Moreover, the transformer offers ESD protection and it
boosts the input transistors source voltage by a factor of 2. To
design a transformer, self-inductance (L), quality factor (Q),
coupling coefficient (k), and self-resonance (fsg) are the main
parameters to be considered. Self-resonance should be chosen
such that Q is maximized at the operating frequency (fy). As a
rule of thumb, fsg can be chosen to be twice fy. The overall
performance is highly dependent on the adopted technology
back end of line (BEOL) and on the adopted transformer
configuration. In the 40 nm CMOS technology used for this
design only one ultra-thick metal with low sheet resistance (5
m€)/sq) was available. A stacked transformer configuration has
higher coupling factor but suffers from stronger capacitive
coupling between primary and secondary. Moreover, the
winding implemented in the high resistivity thin metal layer
would lead to a lower Q. In contrast, coplanar configuration has
less capacitive coupling resulting in high and more balanced Q
on both primary and secondary but it has lower coupling factor.
Since parasitic capacitive loading is present on both primary
and secondary, both primary and secondary losses should be
minimized. Hence, a coplanar configuration was selected.

The following aspects were considered to optimize the
transformer. Transformer losses can be seen as a parallel loss
resistance, which should be maximized. This calls for a high Q
and high L. To maximize L, a large number of turns, large
radius, and narrow spacing are required. Higher Q can be
achieved by increasing the radius, winding width, and winding
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Fig.11. Lumped model of the transformer.

spacing. Finally, high k is achieved by increasing the number
of turns and decreasing the inter-winding spacing. We are
interested in designing a step up transformer (with turns ratio of
1 to 2), with highest Q and k. Two and four turns were
considered for primary and secondary windings respectively.
Even though increasing winding width can improve the Q (up
to the point where parallel losses linked with the substrate
become dominant [1], [19]), in a coplanar transformer, this
would degrade k and hence the effective turns ratio. In a step-
up transformer, parallel loss is more important, especially in the
secondary and therefore a relatively small (4 pum) winding
width was chosen. Choosing a large radius (90 um in this
design) results in high inductance. For a given winding
inductance, a large radius allows reducing the number of
windings, thus reducing the parasitic capacitance and
improving the Q. Additionally, to maximize k, minimum
winding spacing of 2 um is chosen. The layout of the designed
transformer, whose area occupancy is 0.065 mm?, is shown in
Fig. 10. The two middle windings make up the primary, which
is inserted between the inner and outer winding of the
secondary to maximize the coupling factor. EMX software was
used to optimize and perform Electromagnetic (EM) simulation
to precisely model transformer properties especially self-
inductance (L), quality factor (Q), coupling coefficient (k).
According to the EM simulation, a lumped model was derived
to characterize the transformer. As can be seen in Fig. 12, there
is a very good agreement between EM simulations and the
extracted lumped model, which allows to examine the
transformer design. A good compromise between reducing the
losses, maximizing coupling factor and minimizing the area
were achieved. The designed transformer has Q of 9 and 14 for
primary and secondary respectively and the coupling factor is
close to 0.8 at 2.4 GHz. The step-up coplanar configuration
exhibits higher Q on the secondary due to the higher self-
inductance. The self-resonance occurs above 9 GHz and the
peaks of the Q are between 4 and 6 GHz, which shows that
substrate losses were properly minimized and ensures that high
Q is achieved even in worst-case corner with lowest fsg.
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Fig.12. Simulation results of EM and lump model of transformer, (a)
inductance, (b) loss, (c) Quality factor, (d) coupling factor

V. SIMULATION RESULTS

The proposed LNA was designed in TSMC 40 nm CMOS
technology using low threshold devices. The current-reuse
LNA has a supply voltage of 0.8 V. The ULV LNA has a supply
voltage of 0.18 V, which can be generated directly from energy
harvested from environment [2]. The dissipated power in both
LNAs is only 30 pW excluding the biasing network. The LNAs
were designed and optimized to operate at 2.4 GHz. However,
thanks to the use of a wideband transformer, the operating
frequency band can be easily tuned though a variable capacitor
(C») placed on the secondary of transformer between 1 GHz and
4 GHz. However, for the ULV LNA, an additional variable
capacitor for load tuning is also required. Fig. 13(a) shows the
performance of the proposed ULP LNA when tuned to operate
at 2.4 GHz for WSN applications. As can be seen, it has a well-
matched input impedance (Si;1 = -22 dB) at the desired
frequency and it achieves a voltage gain of 14.2 dB while its 3-
dB bandwidth is 2 GHz.

The minimum NF is 3.3 dB, including the transformer
losses. The effectiveness of the passive g,-boosting in a CG
LNA can be seen considering that, for a lossless transformer,
the NF is only 2.3 dB at the desired frequency, a remarkable
result with a DC current of just 38 pA. The performance of the
ULV LNA is plotted in Fig. 13(b). The input return loss is as
low as -25 dB. Voltage gain and NF are 14 dB and 5.2 dB
respectively at the desired frequency. The noise contributors of
both LNAs are represented in Fig. 14. Simulations do not
include the noise contribution from the voltage regulator that
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Fig. 13. Voltage gain, NF and S;; of (a) current-reuse LNA and (b) ULV
LNA.
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Fig.15. Simulated IIP3 of (a) current-reuse LNA and (b) ULV LNA.

would be required in real applications. As can be clearly seen,
the noise contribution of transformer losses is less than 10% of
the total noise in both cases, confirming the effectiveness of the
transformer design optimization. Fig. 14(a) shows that for the
current-reuse LNA the dominant noise contributor comes from
the active devices, with a minimal contribution from the bias
resistor. Fig. 14(b) shows that, for the ULV LNA, the losses of
load inductor are dominant. This is due to the limited Q of the
on-chip inductor but, more importantly, to the fact that the load
inductor losses weigh 4 times more than for the input
transformer, as indicated by (18). Unfortunately, it is
unavoidable to use inductive loads at drastically reduced supply
voltages. To simulate TIP3, two input tones are placed around
2.4 GHz with 20 MHz offset. Simulation results for current-
reuse and ULV LNAs are -11.6 dBm and -8.6 dBm
respectively, as reported in Fig. 15. A  slight
improvement/degradation is observed with respect to the 1T1P3
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TABLE I1I: PERFORMANCES SUMMARY AND COMPARISON WITH STATE-OF-THE-ART LNAs

Current- | ULV | [13] [14] [15] [17] [18] [22] [23] [24] [25]
reuse LNA
Freq(GHz) 24 2.4 1 0.1-1 0.1-1.6 24 0.6-3.1 5 24 2.14 3.1-10
Tech (nm) 40 40 130 130 90 130 130 180 16 65 90
vdd (V) 0.8 0.18 1 1.2 1 0.4 0.4 0.6 0.1 0.6 0.4
Pdc (uW) 30 30 100 720 425 60 160 1300 44 402 410
NF (dB) 33 52 39 4 5.5 53 4.5 35 3 2.8 4.5
Gain (dB) 14.2 14 16.9 10.2 10.5 13.1 13 12.5 10.8 9.2 15
1IP3 (dBm) -11.6 -8.6 -11.2 -13 -4.5 -12.2 -12 -2 -18 NA -7
FOM 10.4 10 3.65 0.39 1.1 1.9 0.97 2.11 1.58 NA 1.5
S/M S S M M S M M S M S S
S/M: Simulation / Measurement
analysis carried out under low load impedance condition.
. —TT;0.8V eecee TT;0.72V +eveee TT;0.9V
A. Process and Supply Voltage Variations S 00'e S0
It is very important to investigate the sensitivity of the LNAs 16 ‘ ‘ | o
performance to the variations in process corners and supply 14 by = -5
voltage. The effect of a supply voltage variation of +/-10% on 12 SE) N N REEE— -10
voltage gain (Av) and NF for both LNAs are reported in Fig. g 10 -15 7
16. The current-reuse LNA is almost insensitive to the 10% = 8 b 20 =
I . > s/
variation of supply voltage. However, if supply voltage reduces < b 25 &
. . . . . w
below 0.68 V, the biasing mirror circuit does not work properly Z 4 ‘_QP‘:-“‘:"“ 30
and the overall performance is degraded. The ULV LNA Ay is 2 35
almost insensitive to variations in the low (0.18 V) supply since 0 .40
its gate bias voltage is generated from a separate (boosted) 1 2 3 a
supply. The NF variation is less than 0.2dB. Gain, noise and Frequency (GHz)
input return loss simulations were performed in three different @
a

process corner cases (SS @+100°C, TT @27 °C, FF @-55°C)
and the results are reported in Fig. 16 (a) for the current-reuse
LNA and in Fig. 16(b) for the ULV LNA. For the current-reuse
LNA, Ay and NF variation in all corner cases are less than 1 dB
and 1.4 dB respectively. ULV LNA performance is a bit more
sensitive to the process corners and +/-1 dB and +/-2 dB
peaking variation for NF and Av is shown respectively. In both
LNAs, very good impedance matching is also preserved across
process corners. The overall performance of both LNAs are
acceptable with respect to the corner case variation.

The overall performance of the proposed LNAs is compared
with that of recently published ULP LNAs in Table III. The
proposed LNAs consume much less power compared to state-
of-the-art LNAs and far exceed the requirements of WSN
standards such as BT-LE [12]. The current-reuse LNA has also
a very competitive NF, while the ULV LNA has a NF
comparable to other ULV designs (with supply below 0.5 V),
the only exception being the LNAs in [23,24]. Using very
advanced technology of 16nm FinFET, the LNA in [23] is
suppled at only 100 mV and shows NF of 3 dB and it consumes
just 44 uW. Nonetheless, the dissipated power of the ULV LNA
is 33% less and voltage gain and IIP3 are higher. Compared
with [17], which is the second lowest power LNA reported, our
designs exhibit equal or lower NF, better IIP3 and half the
dissipated power. To evaluate the overall performance of the

NF, Av (dB)

Frequency (GHz)
(b)

Fig.16. Corner simulations of (a) current-reuse LNA, (b) ULV LNA

proposed LNAs we use a classic figure of merit (FOM), defined
as:

_ IP3(mW) Gain(lin)
FoM = (F =1) Pdc(mw) (22)

Due to the extremely low dissipated power and low NF, both
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our designs have the highest FOM compared to the all
previously published works reported in Table III. For fair
comparison, it should be mentioned that while [13] [14] [17]
[18] and [23] report measured results, this work, together with
[15] [22] [24] and [25] only report simulation results.
Furthermore, on given power consumption, the proposed
current-reuse LNA represents the better NF, higher sensitivity
and less estimated area compare to the ULV LNA. However, if
an ultra-low supply voltage is required, the proposed ULV LNA
demonstrates an overall competitive performance.

VI. CONCLUSION

A transformer-based passive gm boosting technique for ultra-
low power LNAs has been proposed. An ultra-low power ultra-
low voltage LNA, powered from a 0.18 V supply, achieves in
simulation 5.2 dB NF at 2.4 GHz and dissipates only 30 uW.
Another design combines transformer-based passive gm
boosting with an efficient current-reuse topology. Powered
from a 0.8 V supply the current-reuse LNA achieves in
simulation 3.3 dB NF at 2.4 GHz and dissipates only 30 pW.
Both LNAs demonstrate stable performance across +/-10%
supply voltage variations. The proposed designs operate as low-
noise transconductance amplifiers and are therefore suitable for
integration in a passive-mixer based wireless receiver for
wearable WSN applications with extend battery lifetime.

APPENDIX I

To start analysis of linearity using Volterra series, initially
defining Vs, the voltage at the source node of transistor, as the
intermediate variable, and express the relation between Vs and
Vin up to 3rd-order as:

V, =~ 4 (Sl)c’Vm +4, (SI’SZ)OVi: +4, (SI’SZ’S.%)OVES (A.1)
Then by writing KCL equation for this circuit, we have:
V=TV,
;= %T (A2)
1+T
V, = _TVS (A3)

To obtain the expressions for the Ist, 2nd-, and 3rd-order
Volterra kernels Ai1(S1), A2(S1, S2), A3(S1, Sz, S3), we substitute
(21), (A.1) and (A.3) into (A.2) and cancel out Vs. To simplify
calculation, it is assumed that passive components resonate at
desired frequency and that the impact of parasitic capacitors is
negligible, leading to frequency—independent intermodulation
terms.

To get Ai(Si1), we assume a single input tone and equating
equations

1+T
_gml T Al (Sl ) ° V;n

in in

T?R

=A1(s1)oV

(A4)

Therefore, the first order Volterra kernels can be easily
obtained as follows:

T (A.5)

A - 5 @
(1) 1+ +7T)Tg,, R,

Repeating previous procedure while applying two tone to the
input results in,

1+7 1+7Y
g L (ss) o1 v (D) A (5 4 (52) o0
_ 4, (Sl >S> ) °© V::
B T?R,

(A.6)

and after simplifying, the second order Volterra kernels can be
achieved as follows:

o 1+ T) RoAZ ()

(A7)
1+(1+7)7g,, R

A, (s155,) =

For the third order coefficient, it is required to apply three
tones to the input leading to,

1+T I+T
=8 (A (5152550, +28,0 () Al sy, 5) o)

3
= 834 (5)) A4, (5,) A (55)° Vm3 = %
: (A8)

Therefore,
28,04 (s)-4,(s,.5,)1+T)’ R —g,, 4 (s )T’R,
1+(1+1)Tg,, R,

Ay(sy,5,,8;) =

(A.9)

Now, expressing output current with respect to the input
voltage as follows,

iy =GV, +G, oV, +G, oV, (A10)

By substituting (A.1) and (A.10) into (A.2), we have:

1+T
_gml TAI (Sl)Vin = GIV

in

(A.11)

And the first order nonlinearity coefficient can be given as,

G =-g. 4, (A.12)

T

Applying similar procedure to obtain the second and third
order nonlinear coefficients can be extracted as,

1+7 1+7 ’
G, =—gmlTA2 +g,, (T) A’ (A.13)
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1+T

1+T —_—
G, = _gm1(T)A3 + ngz(T)2 A4, - gm3Al3

(A.14)
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