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Abstract

In this work, two LNAs operating at a frequency around 83 GHz and 110
GHz, for satellite- and 5G applications respectively, have been designed,
using vertical InGaAs nanowire transistors. In addition, a switch operating
at a frequency around 110 GHz has been designed. The topology has
consisted of a common source as a first stage, and a cascode as a second
stage. The design and simulations of the design have been performed in
National Instruments (NI) AWR. The results from the simulations of the 5G
LNA show a noise figure less than of 2.6 dB for a bandwidth of 16.4 GHz
from 103.6 to 120.0 GHz with a peak gain of 24.5 dB. For the satellite
LNA, the noise figure is less than 2.8 dB and the gain is more than 21.8 dB
for the full uplink E-band from 81 to 86 GHz, and achieves a total 3-dB
bandwidth of 8 GHz, with a peak gain of 23.2 dB. The transmitter to
receiver isolation of the switch is more than 22 dB and the insertion loss
less than 2.2 dB from 97.5 to 120.0 GHz.

Popular Science Summary

Today, more and more people use internet, and it is just not the number of
internet users that is rapidly changing. People use it for more things now
than just to search for information, as was the main use of internet for a
long time. Today, wireless internet with high data speed finds applications
in various things such as self-driving cars and sensors that monitors people,
agriculture, and forests. To achieve the high data speeds necessary for these
tasks, the frequency of operation have to increase, but this requires
transistors with good high frequency characteristics. Transistors can be
made from Indium-Gallium-Arsenide nanowires that operates at these high
frequencies. For the receiver to be able to function properly, a switch must
guide the received signals to the right low noise amplifier. The low noise
amplifier then amplifies the signals without adding to much noise. Both the
switch and the receiver are generally more difficult to design the higher
frequencies they operate. In addition, the linearity performance has to be
good enough, while the power consumption cannot be too high, otherwise
the batteries will be drained to fast. This can be accomplished by selecting
the right bias point for the transistors, match the transistors to the right
passive elements etc.
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CHAPTER ]

1 Introduction

1.1 Concept

For the upcoming fifth-generation mobile communication systems, there is
a desire to be able to transmit large amounts of information from base
stations that are connected to many users. Sometimes, this concerns base-
stations that are not connected to other base stations through optic cables
and therefore wireless transmission of information is the only option. At
higher frequencies, there is significant potential to increase the data transfer
speed. One frequency band is the D-band (around 110 GHz). This is largely
due to the relatively low atmospheric absorption at these frequencies [1].
On the other hand, base stations far out in rural areas that are neither
connected to other base stations through optic cables, nor are in proximity
to other base stations for efficient wireless transmission, could use satellite
communication instead. For this purpose, the E-band (from 81 GHz to 86
GHz), which possesses large amounts of available bandwidth, is an
interesting option to use [2]. The design at these frequencies requires high
performance and high frequency device and circuit environment. One such
example is vertical InGaAs nanowire MOSFETs, that can provide excellent
RF characteristics at mm-wave frequencies. One reason is that they can
achieve large g,, and low intrinsic capacitances at short channel lengths
[3]. This thesis will focus on designing and evaluating performance of E-
band and D-band low noise amplifiers and radio-frequency (RF) switches,
using vertical nanowires MOSFFETs. As vertical nanowires are a feasible
option for future high frequency device implementation, this work is of
interest from circuit performance aspects, as it demonstrates the current
technology limit. Therefore, it could be a feasible option to use models of
these transistors in the design of the low noise amplifiers and switches.



1.1.1 Wireless communication systems

In modern communication systems, in order to increase the amount of
information sent or received, the digital information is converted into high-
frequency analog signals that propagate in free space. These modulated
signals that a receiver antenna receives must be amplified before they can
be efficiently processed by different receiver stages. The initial signal
amplification is done by a circuit called a low noise amplifier (LNA). The
LNA operation ensures that signal is amplified, while minimum amounts of
noise is added to it. The term signal to noise ratio (SNR) is used to describe
the ratio between the power of the signal to the power of the noise and
should be as large as possible, the noise factor (F) and noise figure (NF) are
given by equation [4]:

Sin/N
F =12 (1a)
Sout/
Nout
NF =10logF (1b)

where Sin /oyt and NFy, /oy are the power of the signal and the noise at the
circuit input/output, respectively. The noise figure can therefore be
described as the degradation of the signal to noise ratio between the input
and output. Therefore, the characteristics of the LNA are of huge
importance in maintaining good SNR, as its purpose is to amplify the signal
without introducing to much noise [4].

The LNA is the first active stage in a receiver, after the antenna and switch.
The antenna is the element receiving the electromagnetic wave and
transforming it into a current and voltage wave which continues into the
receiver as seen in figure 1. The switch after the antenna selects where the
signal path will go, and if the LNA is active, the signal continues there. The
total system noise figure is described by Friis formula [4]:

g =F4z_tyfBot o Aol
ol T TG T 616, G1Gy -+ Gp_y

(2)

where F,and G,, are the noise factor and gain of the n stage [4]. For the
case of the receiver, the LNA is the first stage, followed by the mixer that is
the second stage, then comes the third stage, the transimpedance amplifier,
and so forth. From this formula, we see that it is crucial that the LNA needs
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a high gain and low noise figure in order to supress the noise of the
succeeding stages. The stages are relatively noisy and includes a mixer, that
down converts the signal to an intermediate frequency (IF) by using a local
oscillator, and a demodulator that demodulates the IF signal and retrieves
the information stored in the signal. These steps are outlined in Fig. 1. In
Fig. 1, RX is the receiver, DR is the dynamic range, and BER is the bit
error rate of the analog-to-digital converter.

Power amplifier

Antenna

\ FE RX ADC
NV :
\/ ‘
Psigr No ~ <O - r SNR
-~ -~ N = ——
> T
T ya Sl -
Lo I
| | l
IL F, BW, G DR, BER
Filter, switch, routing LNA, mixer, PLL, analogbase band Analog-to-digital converter

Figure 1: Schematic of a receiver. Each stage deteriorates the SNR.

The date rate that is transferred is not only limited by the SNR of the signal
when it has reached the demodulator but also the number of channels and
the bandwidth of the individual channels limits the data rate [5]. Both are,
in turn, limited by the total bandwidth of the full receiver, which is initially
set by the bandwidth of the RF stage, namely the LNA. Since there is more
bandwidth available at higher frequencies, there is a demand to increase the
frequencies of the carrier signal. For example, the frequencies of the
upcoming fifth generation of wireless communication technologies have
thus far been determined to include frequency bands of up to at least 40
GHz [6].

The receiver sensitivity is defined as the minimum signal power required
for the receiver to be able to demodulate it correctly without that too much
information is lost (normally around 95% of the transmitted data). Some
challenges with increasing the frequency of operation are the increased
atmospheric absorption at mm-wave frequencies which results in a demand
for increased transmitting power and/or a demand for improved receiver
sensitivity. Alternatively, the problem could be addressed by increasing the
number of base stations. Other challenges for operation at mm-wave
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frequencies include difficulties in providing enough gain in amplifiers,
since, the frequency of operation of active devices is closer to the cut-off
frequency (fr) and maximum oscillation frequency (fpax), 1-€. the
frequency where the maximum current- or power gain is unity,
respectively. Also, a problem specifically for the receivers is that the noise
figure increases with the frequency of operation, mainly due to increase in
losses in transistors.

1.1.2 Active components — transistors

A transistor can be described as a three-terminal device. For a metal-oxide-
field-effect-transistor (MOSFET) the third terminal, the gate, controls the
current flow between remaining two terminals (drain and source), as shown
in Fig.2. The gate is capacitively coupled and introduces an energy band
shift in the semiconductor channel opposite to the gate, with a thin
insulating oxide in between which enables this capacitive coupling. When
the energy barrier is lowered, charge carriers can travel from source to
drain, when a voltage bias between these terminals is applied. The
amplification in MOSFETs amplifier is designed for a small voltage shift in

the gate to cause a relatively large shift in the drain-source current.
- Vs +

Gate

Channel

Drain

Substrate

- Vbs +
Figure 2: Picture of a traditional planar MOSFET.

The characteristics of the transistors define the LNA performance. For a
transistor to be able to operate at high frequencies, the channel length (L)
needs to be short, while the speed of the carriers (v,) needs to be large, as
given by [7]:

o channel length, L.
transit time, t = - - (3a)
carrier velocity, v,

v, = ukE, (3b)



where v, is the carrier velocity, L. is the channel length, t is the transit
time, the time needed for the charge carriers to be swept from the source to

the drain, u is mobility, E is the electric field between source and drain, and
Vbs
E= L (30)
where V) is the voltage between drain and source. If v, in (3a) is
substituted by (3b) and (3c¢), (3a) can be rewritten as:
t Le (3d)
UVps
From (3d), because t is proportional to the square of the channel length, it
can be seen that reducing the channel length and increasing the carrier
mobility greatly improves the transit time from source to drain, hence
improving the cut-off frequency. Although, the small channel effect
velocity saturation causes the velocity to be independent on the electric
field, and thereby the transit time becomes only proportionate to the

channel length.

However, if the gate length reduces, then the impact of the drain potential
on the channel increases which can result in drain induced barrier lowering,
(DIBL). This is unwanted, because it makes the transistor more difficult to
switch off at high drain bias. One way to improve the electrostatics of the
transistor is to have the gate-all-around (GAA) structure. This can be
accomplished if the channel is made of a nanowire around which a gate is
wrapped. Aside from superior electrostatic control, nanowires are a cost-
effective way of using high mobility materials, such as Indium Gallium
Arsenide, InGaAs, as a channel material, thus improving carrier velocity,
and as a result, the high frequency operation. In Fig. 3a, a SEM image of a
vertical InGaAs nanowire MOSFET is shown, which reveals that one
MOSFET typically consists of many nanowires, and an illustration of the
basic structure of a nanowire MOSFET with gate, source and drain as
contacts is shown in Fig. 3b.



Vertical InGaAs nanowire MOSFET
a) SEM image b) lllustration

ate oxide

Si substrate

Completed veriical nanowire

Figure 3: a) SEM image of a vertical nanowire MOSFET, and in b) is an
illustration of the basic structure of the MOSFET in a).

1.2 Thesis contributions

The aforementioned discussion shows the need for the design of an LNA
with acceptable NF and gain but operating at very high frequencies and
with a large total bandwidth. This thesis is contributing with insight of how
to design an LNA together with an antenna switch for 5G or 6G
applications at frequencies around 110 GHz and also how to design an
LNA for satellite communication applications at up-link frequencies
around the new satellite band at 83 GHz. Vertical InGaAs nanowire
transistors will be used for all circuits. Because of the excellent RF
characteristics of nanowire transistors, this gives an opportunity to design
high frequency receiver circuits with improved performance compared to
current state-of-the-art.
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CHAPTER 2
2: Theory

2.1 S-parameters. Gain, Noise

High frequency current and voltage waves can also be seen as power
waves. The relation between incident and reflecting power waves can be
described by scattering parameters (S-parameters), as shown in Fig. 4. The
values of reflection (S;;, S22) and transmission (S;2, S2;) parameters in a 2-
port network describes gain, stability/feedback and how well a network is
matched to a reference impedance. This makes S-parameters very powerful
in evaluating device and circuit performance and allows for a direct
conversion to impedance values [4].

v v,
FS . Fin 'V1 ) ! ) FL 'V2
Z, L[ 1 { [
Si4 | Sxn Sy
:/ -7
v, S
| Z
/ A /" b N
o & X - ~ >
l S1

Figure 4: S-parameters and the source and load reflection coefficients I'; and
I, respectively. Zg and Z; are the source and load impedance and V7 and V: are the
incoming and outgoing voltage wave, respectively.

There are many ways S-parameters can be utilized. For example, the
reflection parameters describe how good the matching is, where a low value
is indicating a good match. [8]. A good match with the lowest possible
value of the reflection S-parameters is achieved through having the load
impedance the complex conjugate of the input impedance [4]. This
condition is called simultaneous conjugate match. Figure 4 illustrates the S-
parameters, as well as the source- and load reflection coefficient, I’ and [.
The reflection coefficient is defined as the ratio between the incident
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voltage wave, and the reflected voltage wave. If conjugate matched, then
I, =T}, and [, =Ty, where [}, and I, are the reflection coefficients at
the input and output of the 2-port network, respectively. This results in
cancellation of the reflecting waves, and no power is reflected at the device.

The transmission S-parameters define gain (isolation) of the 2-port
network. There are several gain expressions exploited in this thesis, from
which following two are selected: [4]

G, = Pavn — |S21|2(1 - FSZ) (4a)
A7 Ps 11— S4Tsl2(1 — [Touel?)

oo P 1-IGP 1S Pa-InP) b
r Pavs |1_~S‘11r‘s|2 |1_FoutFL|2

Where G, is the available power gain and G is the transducer power gain.
The available power gain is defined as a ratio between power available
from the network to power available from the source. The transducer power
gain is defined as the ratio between power available at load to power
available from the source. The expressions in Eq. 4a and 4b are equal in
case of simultaneous conjugate match. Additionally, gain values for a
specific I' can be plotted in a complex impedance plane, or Smith Chart.
For a specific set of I there is a constant available gain circle, as shown in
Fig. 5 [4].

Smith Chart

Figure 5: Smith Chart with available gain and noise figure circles.
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Fig. 5 also shows a noise circle given for a specific reflection coefficient. In
general, all the noise from a 2-port network can be summarized into just
one ideal voltage and current source, as shown in Fig. 6, while the rest of
the 2-port network is noiseless. This voltage source models all the
corresponding noise at the output when the input is short circuited, while
the current source models all the corresponding noise at the output when
the input is open. For all other cases, both sources at the input are necessary
to model the noise generated in the circuit [9].

2
vy

Noisy = Noiseless
2-port 2-port

Figure 6: Noisy general 2-port network and a noiseless 2-port network circuit
with equivalent input-referred noise sources.

Using input-referred noise sources, v_,% and E , the total noise factor is [9]:
(v7 + 123 + 2Re(onzs)

4kgTR; ®)

where Z; = R + jX; is the source impedance, kg is Boltzmann constant,
and T is temperature. Using this formula, an optimum value of the source
impedance that corresponds to a minimum value of the noise factor, and
thereby the noise figure can be derived. This means that the source can be
matched for an optimum noise figure. An equation describing how the
noise factor increases if the source is not matched for an optimum noise
figure is given by:

F=1+

4R, |y —Tope|”

2
Zo (1~ ITSIH)|1 + Tope
where R,, is the resistance corresponding to a resistance with a thermal

F = Fmin + (6)

noise equal to v2, Z, is the characteristic impedance (usually 50 Q), Is is
the reflection coefficient at the source, Fyy,;,,, is the minimum noise factor
when the source is matched for optimum noise, and, Iy, is the reflection
coefficient for minimum noise figure [9]. When looking at the Smith Chart
showing the value of I, a constant value for noise figure is given by a
circle around the value of Ty, as seen in Fig. 5.

The equivalent voltage source, v2, corresponding to the thermal noise
generated by a resistor with a resistance, R, is given by:
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v2 = 4kgTBR (7)
where B is the bandwidth. The thermal noise originates from the random
distribution of thermal energy for different charge carriers. The origin of
many noise sources in a transistor can be explained by thermal noise [10],
and for short channel MOSFETsS, the channel thermal noise is most
significant [11]. Other noise sources for MOSFETs include shot noise from
the gate leakage current and flicker noise from charge trapping defects at
low frequencies [10].

For low noise amplifiers, there is a figure of merit (FOM) that concludes
how good a LNA is in general, by considering its performance in terms of
noise, gain, bandwidth and power consumption [4]:
FOM — G - B[GHz] ®)
(F-1)- Pgc[mW]
Where G, is the gain, B is the bandwidth, F is the noise factor, and Py, is
the power consumption of the LNA.

2.2 Linearity and Stability

Linearity is an important property of the LNA. A good linearity for the
amplifier means that if it can be driven with a large-magnitude signal
without affecting the small signal gain or result in significant
intermodulation products. The distortion that is the most critical for an
LNA is the third order intermodulation products, IM3. The third order
intermodulation products have the frequencies 2f; -f> and 2f>-f; where f; and
f>are the frequencies of two input signals, as seen in Fig. 7. Harmonics and
other intermodulation products, such as the second order intermodulation
products, generally have frequencies further from the frequency band of
interest, therefore this distortion is not considered critical.
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Figure 7: The location of the intermodulation products with respect to the
fundamental tones (left) and the location for the 1dB compression point and
third order intercept point for two signal sources with frequencies f; and f>
(right).

Two important performance metrics when it comes to linearity for the LNA
are the 1 dB-compression point and the third order intercept point (I1P3).
The 1 dB-compression point is occurring when the input signal power has
reached a high enough value so that the gain has been reduced by 1dB. The
third order intercept point is when the third order intermodulation products
would have the same amplitude as the desired output signal if no gain
compression would occur. [4] In Fig. 7, the 1dB compression point and
third order intercept point is illustrated. The input referred 1 dB
compression point, ICP4g, is defined as the input signal power for which
the gain has been lowered by 1dB. The input referred third order intercept
point, IIP3, is the input power where the extrapolated signal power and
extrapolated third order intermodulation products power intercept [10]. The
intercept occurs because the power of the third order intermodulation
products increase faster with increasing input power than the output power
of the signal, which can be explained by intermodulation products being a
product of the interfering signals.

Stability is an important parameter for the LNA. All transistors and
amplifiers have some amount of feedback. This means that the amplifier
can potentially oscillate for certain load and/or source impedances if it is
not designed to be unconditionally stable. The S-parameters can be used to
calculate the stability factor, k, according to [4]:

1= 181117 = [S521% + A7
B e 0 e A G G o)
28121211
where A is the determinant of the 2X2 S-parameter matrix. For the circuit to

be unconditionally stable, k >1, |A|<1. In a multi-stage circuit design, it is
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not enough to check that the whole circuit has a k>1, but each individual
stage must also have k>1 [4].

2.3: Modulation techniques and Link Budget

The information is stored in the signal by modulating the signal waveform.
This can be done through different types of modulation, but one modulation
technique is quadrature amplitude modulation, QAM. In this technique,
both amplitude and phase shift are used to modulate the signal. There are
different types of QAM depending on how many bits of information each
symbol contains. The more bits that can be represented by one symbol, the
faster the data speed becomes. One downside though with having more
symbols in the constellation diagram is that the required SNR, becomes
higher and thereby the requirements on the performance of the LNA
increases [4].

The minimum required SNR, furthermore, together with the bandwidth,
noise figure of the receiver and temperature, corresponds to a minimum
required input power to the receiver, the receiver sensitivity. The input
power to the receiver is affected by the distance between the receiver and
the transmitter, the performance of the receiving and transmitting antennas,
absorption of the signal by the atmosphere and the output power of the
transmitter. The equation for calculating the requirements of the noise
figure for the receiver, and output power for the transmitter, involving the
addressed variables, is called a Link Budget [12].

2.4: Transformers

A transformer is made up of two inductors that are in proximity to each
other. Because of their magnetic coupling, the transformer will block DC
signal, but AC signal will be transmitted. A transformer can be used to
transform a single ended circuit to a differential circuit, for impedance
transformation or as an added inductive component that will resonate with
the rest of the circuit. It is possible to model the transformer into a lumped
circuit model [13]. Fig. 8 shows circuit schematic of a transformer, where
Z1, 1s the input impedance, Z,,; is the output impedance, L, , L, is the
inductance of the two inductors respectively and k is the coupling
coefficient between the two inductors. The coupling coefficient is
computed from the ratio of the actual magnetic coupling to the maximum
magnetic coupling [13].
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Figure 8: Circuit schematic of a transformer.

A real transformer is not an ideal element. It has ohmic losses caused
primarily by the skin effect at high frequencies, while dielectric losses are
the reason for conductive loss. There are also parasitic capacitances, which
originate mainly from the capacitance between the two inductive metal
sheets and between the inductive metal sheets and the ground plane [13].

2.5: RF switches

An RF switch, much like a regular switch, is a device that has two states, it
is either in on-state and passes the input RF signal to the output, or it is in
off-state and is blocking the input RF signal. For a switch in the on-state,
the most critical parameter is the insertion loss. Insertion loss can be
described as the ability of the switch to transfer the signal from the input to
the output without losses. Lower insertion loss indicates better
performance. For a switch in the off-state, the most relevant parameter is
the isolation. Isolation is related to the ability of the switch to block the
signal, and higher isolation demonstrates better performance. In general, a
switch is realized as a MOSFET device, which, in essence is a high-
frequency performance switch. A transistor with infinitely high ratio
between the on-impedance and off-impedance constitutes an ideal transistor
for a switch. A switch can for example be a shunt switch, a series switch or
both [14]. In Fig. 9a, 9b, a series switch and a shunt switch are described,
respectively.
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Figure 9: The series switch, a), and the shunt switch, b).

In a series switch, when the switch is turned on, so does the transistor and
when the switch is turned off, the transistor is turned off as well. In a shunt
switch, the opposite applies were the transistors are always in the opposite
state compared to the switch. In a shunt switch it is important that there is
an inductive element in resonance with the shunted transistor at the
frequencies of interest, to resonate transistor parasitic capacitance and
mitigate leakage of the RF signal to ground when the transistor is turned
off. In a shunt switch, it is a good idea to use a quarter wavelength
transmission line before the shunted transistor so that when the switch is in
the off state, and the transistors are on, the signal sees a large real input
impedance and when the switch is in the on state, and the transistors are off,
it will see a small real input impedance [14].

For a shunt switch with transmission lines and a resonating inductive
element, the insertion loss, S5, and isolation, S, . and ratio between
insertion loss and isolation Don Jopp * CA0 be approximately calculated

using [14]:
1+ };ﬂ
S21on (Ron s Zint) = TénttRON K Rorr (10a)
145724
2Zint

3 Zie\
int
S21ppr(Ron» Zint) = (E + ﬁ) yRon < Ropr  (10D)

Zint

Dow;, . (Ron,Zint) = 1+ ,Zint < Ropr  (10¢)

Ron
Where R,y is the on-state resistance of a transistor, Z;,; is the characteristic
impedance of the transmission lines and R g is the off-state resistance of a

transistor. Furthermore, Eq. 10c shows that if the quarter wave transmission
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line has a characteristic impedance of more than 50 €, this will result in a
larger ratio between the insertion loss, and isolation.

2.6: MOSFET modelling

One way to model a transistor is by using the virtual source model [15].
The virtual source model is adapted to include quasi-ballistic transport. A
quasi-ballistic transistor is a transistor where the carriers can travel through
the transistor channel without scattering, which means that the mean free
path for the electrons in the channel is longer than the channel length. In a
quasi-ballistic case, some fraction, T, of the carriers is passing through the
transistor while the other is being reflected back to the source or scattered
in the channel. The current through a transistor in the virtual source model
is therefore described by [15]:

Ip =W Fs* Qixy " Ux, (11)
where Ip is the drain current, Wis the width of the channel, Fsis a factor
describing output (velocity saturation) behaviour of the transistor, Q;y, is
the inversion charge density, and vy is the speed of the electrons at the
source (virtual source velocity), that is scaled by carrier ballisticity
(transmission, T) [15].

A transistor is a nonlinear device, but if the bias is fixed, then for small
signals using first order Taylor expansion, a transistor can be assumed to
operate as a linear device and can be modelled through a lumped circuit
model. In Fig. 10, the lumped circuit model, called the small signal model
of a transistor is shown.

A —

Cepp  Repp

G ¢ P ——p— -
- Cép,i . R
Rg + . Rep i D
Cesyp Cosi g Cpyp
: 6S,i | aps Cos k
T Ves,i T gm Vesil ) S T T

Figure 10: Small signal model of a transistor.

Many of the circuit’s elements in the small signal model have both a
parasitic component and an intrinsic component. For example, the gate
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source capacitance Cssin Fig. 10 has both an intrinsic component, Cgs ;and
a parasitic component (gs p. The origin of the intrinsic component is the
capacitance between the substrate and the gate, while the origin of the
parasitic component is the capacitance between the source and the gate. The
resistance R; originates from the latency of the charge carriers in the
channel. The resistances seen in Fig. 10, e.g. the gate resistance, R,
contributes a significant portion of the total noise generated by the
transistor, since they generate thermal noise. From the values of the
components in the small signal model, important high frequency parameters
for the transistors can be calculated, such as f7, which is the frequency at
where the current gain is unity, and fmax, which is the frequency at where
the power gain is unity [16]. If Rs and Rp can be neglected, then frand fmax
are approximately calculated by [17]:

gm
~  Coo=C Cesi (12
fr 27 (Cos + Cog)’ 68 esp + Cesi  (12)

fr

87Cop R (1 ¢ 2 tp)
GD

(13a)

fmax &

2 R;
Where Y ~ ﬂ((CGs,i + CGS,p + CGD) + ECGS,iZ) (13b)

Im?

Using f7, R;, and the gate resistance, R, an approximative value of F,;;,
can be calculated for a MOSFET [18]:

me=1+2(f£T) /(g)ng ,R=Rg+R;, (14

where f is the frequency, and a and y are dimensionless factors. The
parameter « is less than 1 for transistors that suffers from short channel
effects, otherwise it is equal to 1, while y is bias dependent and varies

roughly between% <y<2.
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CHAPTER 3

3: Method
3.1 General

In this work, the circuits have been simulated in National Instruments (NI)
AWR. AWR is a simulation program for simulating schematics, layouts etc,
in RF and mm-wave environment. First, DC simulations for an individual
transistor were performed and key parameters were obtained. Then, an ideal
single ended amplifier was designed for the frequency of interest. Next, a
differential design concept was laid out and optimized with components
with a finite q-factor. The first stage of the LNA for 5G applications were
initially designed. During the design, an ideal non-frequency dependent
output matching for the center frequency was used as the output load,
followed by completion of the design of the second stage, following a
procedure similar to that of the first stage, but with where the output
impedance of the first stage were modeling the source impedance of the
second stage. After the individual stages of the LNA had been designed, the
two stages were merged and further optimized to meet the 5G specifications
around 110 GHz. The LNA for satellite applications was then designed in a
similar way, but for the different frequency requirements.

3.2 Vertical NW MOSFET performance evaluation

First, a DC evaluation of device performance is needed. For this purpose,
we use an RF-optimized vertical nanowire MOSFET, comprising of 180
wires, organized into 3 gate fingers. Fig. 11-12 shows the transfer and
output curves of a nanowire transistor. In Fig. 11, for a drain voltage of
1.5V, a peak transconductance, gn, is achieved for a gate voltage at around
0.5 V. For a gate voltage of 0.4 V, the transconductance is only deterred
slightly, while power consumption is lowered significantly. In Fig. 15, a
gate bias of around 0.4 V achieves a minimum noise figure for a single
transistor with 180 nanowires. The voltage gain of a transistor can be
estimated by the product of the transconductance and output impedance.
Since a voltage bias of 0.4V results in a high transconductance for a

21



relatively low power consumption, optimum noise figure, and since the
output impedance do not vary much with bias, 0.4V gate bias seems to be
an optimum bias point. In Fig. 11, a drain current of 10.3 mA and a
transconductance of 41.5 mS is highlighted for a gate bias 0of 0.4 V.
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Figure 11: The drain current and transconductance versus the gate voltage, for set
drain voltage, Vps = 1.5V.

In Fig. 11, a line has been fitted to the drain current curve and extrapolated
to the x-axis, in order to estimate a value on the threshold voltage for a
drain bias of 1.5 V. The obtained value of the threshold voltage is
approximately 0.16V. In Fig. 12, the drain current versus drain bias is
shown for different gate biases is shown. For a gate bias of 0.4 V and a
drain bias of 1.5 V, the drain current is 10.3 mA. If the drain bias is lowered
by half, to 0.75 V, the drain current is lowered to 7.7 mA, a 25% decrease.
A threshold voltage of around 0.16 V seems to conform with the results
from Fig. 12, where for a drain bias of 1.5 V, there is almost no drain
current for a gate bias of 0.0 V, although there is a drain current for 0.2 V.
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Figure 12: The drain current versus the drain voltage for different gate biases.

In Fig. 13, the gain and noise plots are illustrated. In Fig. 13a, the value of
the minimum noise figure versus the gate bias is shown for the frequencies
83.5 GHz and 110 GHz, at a drain bias of 1.5 V for a transistor with 180
wires divided into 3 fingers. With a gate bias of around 0.4 V, the minimum
noise figure is 0.35 dB at a frequency of 83.5 GHz. When the frequency is
increased to 110 GHz, the minimum noise figure also increases to 0.47 dB.
In Fig. 13b, the available gain- and noise figure circles are shown in a
Smith chart for a transistor with 3 fingers and 180 wires at a frequency of
83.5 GHz. The available gain at optimal impedance match is 10.7 dB. Since
the location for maximal available gain is close to the edge of the chart, it
indicates that optimal matching will result in low bandwidth and stability
issues.
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Figure 13: a) The minimum noise figure versus gate bias for a transistor with 3
fingers and 180 nanowires with a drain bias of 1.5 V. b) A Smith chart with available
gain- and noise figure circles for a transistor with 3 fingers and 180 nanowires at the
frequency 83.5 GHz, and c) 110 GHz. d) A Smith chart with available gain- and noise

figure circles for a transistor with 6 fingers and 360 nanowires at 110 GHz.

In Fig. 13c, the location of the maximum available gain and optimum noise
figure in the Smith chart has not changed noticeably from the lower
frequency. The most significant change is that the minimum noise figure
has increased, and that the maximum available gain has decreased, from
10.7 dB to 9.6 dB. In Fig. 13d, the value of the maximum available gain
and minimum noise figure have not changed noticeably from the smaller
transistor, but the location of both optima has been shifted. The location of
the maximum available gain has remained close to the edge of the chart.
For the Smith Charts in Fig. 13c-d, the inner circle corresponds to 0.5 dB
from optimum available gain or noise, while the outer circle is 0.5 dB from
the value given by the inner circle.
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3.3 Sub-circuit design

There are many different amplifier stages, three examples of the most
common are the common source stage, the common gate stage and the
cascode stage. The common source and common gate stage are both
consisting of a single transistor, if single ended design, or two transistors if
differential, as shown in Fig. 14. The difference between them is the
terminal where the input signal is applied, and which terminal is grounded.
The cascode stage consists of a combination of the common source- and
gate stage, where the input signal is sent into a common source stage, the
output of the common source stage is the input for the common gate stage,
as shown in Fig. 14a [10]. The common source stage has generally a lower
gain than the cascode stage. The reason for the high gain of the cascode
stage origins from that the voltage gain is proportional to the output
impedance of the stage, and the cascode stage has generally a high output
impedance [4]. Fig. 14 shows a schematic of various device
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Figure 14: Three common amplifier stages: a) differential cascode stage, b)
differential common source stage with cross-coupling and c) differential common gate
stage.

As observed in Fig. 13, the transistor is not stable when optimizing for
maximum gain. Therefore, the feedback responsible for the instability has
to be reduced. This was implemented through adding cross-coupled
capacitances, which reduced the effective feedback capacitance (Cgp),
responsible for the instability. In Fig. 14b, the cross coupled capacitances
are shown. They were also implemented for the cascode stage, although not
shown in Fig. 14a. This is normally not done for a cascode stage, since the
common gate neutralise part of the C;p of the common source but was
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required to ensure stability for this work. Both LNA were implemented
using differential design. Differential design has many advantages
compared to single-ended design. It is not affected by common mode noise
from the circuit environment, the supply and ground. Furthermore, it is not
depending on the impedance in the ground connection. The stages biased
were separated from the small signal path either through having a DC bias
feed to the transformer that is connected to the stage or by using quarter
wave transmission lines.

A lumped circuit model of the transformer and the values of the elements
within the model, has been used from previous work [13], and is shown in
Fig. 15. In the model, each inductor is modelled with a certain inductance
and parasitic resistance in series corresponding to the ohmic losses caused
primarily by the skin effect. There is also a capacitive element modelling
the capacitive coupling between the inductor and the ground plane. In
between the capacitive element and the ground there is also a parallel RC-
element modelling the substrate effects of the substrate beneath the ground
plane. The model also takes into consideration the parasitic capacitance in
between the two inductors. The mutual inductance of the two inductors is
modelled through a coupling coefficient, & The inductors in series with the
resistances shown in Fig. 15 are ideal RF-blocking elements, and the
capacitances in series with the inductors in the centre are ideal DC-blocking
elements [13]. In this work, the inductance values for the primary- and
secondary side is roughly the same, corresponding to an impedance
transformation ratio 1:1 and the inductors have a Q factor of 18 at the
carrier frequency.
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Figure 15: The transformer lumped circuit model.
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In Table 1, the insertion loss, inductance at the primary- and secondary
side, coupling factor, Q factor at the input, and resonance frequency of the
transformer. The same model was implemented twice, with different
lumped circuit elements values, depending on the frequency of operation
for the LNA. The values of the inductances and the capacitances for the
capacitive coupling are in the same order as that of [13]. The values of the
coupling factor and series resistances are taken directly from the same
work. The values of the capacitances and RC-element that are modelling
the substrate effect were chosen so that the total insertion loss for the
transformer for the transformer used at 110 GHz would be close to 0.7 dB,
so that the transformer model would have realistic performance. For the
transformer operating at 83.5 GHz, the values of the lumped circuit model
were modified in order to lower the resonance frequency in order to find an
optimum Q factor, and insertion loss, since, lower insertion loss can be
expected at lower frequencies. The LNA design intended for satellite uses
two different transformers for the LNA with the difference in the model
being the inductance for one of the inductors.

Location Frequency | IL (dB) | Lisquctor (PH) | k Qm
(GHz)

Input stage | 83.5* 0.64 ~30 0.81 | 12.44

All stages 110 0.68 =30 0.81 | 12.05

Inter-stage, | 83.5** 0.67 ~30 0.81 | 11.67

output stage

Table 1: The insertion loss, inductance at primary, secondary side, coupling factor,
and Q factor for the different transformer models at the frequencies 83.5 GHz and
110 GHz for satellite- and 5G application respectively.

The main purpose of the transformer at the input is to transform the circuit
from single-ended to differential and are located in front of the gate
inductors as shown in Fig.18-19. The transformer together with the gate
inductors are used to resonate the parasitic capacitances of the transistors,
in order to achieve optimal power transfer. Since achieving the minimum
noise figure of the first stage is crucial to accomplish a close to minimum
noise figure for the full LNA as shown in Eq. 2 (Friis formula), the input of
the transformer has been matched for a trade-off between a high available
gain and a low noise figure. In Fig. 16a and 17a, the available gain- and
noise figure circles are shown for the input of the transformer connected to
the gate inductors of the common source stage before they are matched for
available gain-and noise.
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The transformer at the interstage that is connecting the two differential
amplifier stages, the drain inductors of the first stage and the gate inductors
of the second stage resonate together with the parasitic capacitances of the
transistors at the output of stage 1 and at the input of stage 2 in order to
achieve optimal power transfer. Since achieving the maximum available
gain and a large bandwidth of the second stage is crucial to accomplish a
close to maximum available gain of the full LNA, the input of the
transformer has been matched for a trade-off between a high available gain
and a high bandwidth. The bandwidth is further increased by optimizing the
available gain of the cascode stage for a slightly higher frequency than that
of the common source stage because the gain peak of the two different
stages becomes located at different frequencies. This leads to a flat
frequency response for the gain in between the two peaks. Fig. 16b and 17b
corresponds to the available gain- and noise figure circles for the input of
the transformer connected to the gate inductors of the cascode stage before
they are matched for available gain and a large bandwidth.

Fig. 16 corresponds to the LNA for 5G applications. It can be observed
that the minimum noise figure for the common source LNA at 110 GHz is
2.56 dB and the available gain is 9.8 dB. These values are worse than for
the values shown in Fig. 13 for the corresponding transistor. This is
probably due to losses in the transformer, in addition to resistive parasitics
in reactive elements. The losses will contribute to a lower available gain
and an increase of the noise floor, since resistive parasitics in reactive
elements are also generating thermal noise. Since the location for maximum
available gain is further away from the edge of the Smith Chart, the cross
coupled capacitors have been reducing the capacitive feedback and
increased the stability. The matching network for the input of the
transformer located at the input of the first stage consists of a shunted
capacitor. The maximum available gain of the second stage is 10.5 dB and
the minimum noise figure is 3.0 dB, an increase compared to the available
gain and noise figure of the common source stage. The matching network
for the input of the interstage transformer consists of a L-network
consisting of a shunted capacitance and a series inductor.
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Figure 16: The available gain (dashed line)- and noise figure (full line) circles for the
5G LNA before matching: a) First stage, common source b) cascode stage

Fig. 17 corresponds to the LNA for satellite applications. Similar
conclusions can be made as for D-band LNA, but the maximum available
gain for the common source stage at 83.5 GHz is higher than for 110 GHz
and is now 10.1 dB. The minimum noise figure of the common source stage
has also increased slightly compared to the corresponding stage at 110 GHz
and is now 2.57 dB. The matching network for the input of the transformer
located at the input of the first stage consists of a shunted capacitor.

The cascode at 83 GHz has a higher minimum noise figure compared to
the corresponding stage at 110 GHz and is now 2.8 dB. The maximum
available gain for the cascode at 83 GHz is 11.2 dB, an increase compared
to the corresponding stage at 110 GHz. To summarize what has been
observed, the available gain and noise figure are higher for the cascode
stage than the common source at the corresponding frequency. The
matching network for the input of the interstage transformer consists of a L-
network consisting of a shunted capacitance and a series inductor.
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Figure 17 : The available gain (dashed line) and noise figure (solid line) circles for the
satellite LNA before matching. a) common source b): cascode stage

In Table 2, the matching networks at the input and interstage of the LNA at
the frequencies 110 GHz and 83.5 GHz are shown. The matching networks
includes all elements in between the input of the LNA and the active
devices of the first stage for the input matching network and in between the
active devices of the first and second stage for the interstage matching
network.

Matching Network Values
network
Inputiio Shunt C-Tr*-series L 12 fF-60 pH
Interstagerio | Series L-Shunt C-Tr-series L | 90 pH-35 fF-
75 pH
Inputgs s Shunt C-Tr*-series L 37 fF-133 pH
Interstagess.s Series L-Tr*-series L 85 pH-91 pH

Table 2: The matching network for the input of the transformers at the input and
interstage of the LNA at 110 GHz and 83.5 GHz.

*Tr = Transistor.

3.4 LNA and switch design

3.4.1 LNA design

Fig. 18 shows the schematic of the LNA for 5G applications. The first stage
is a common source stage, and the second stage is a cascode stage. The
purpose of the first shunt capacitor, C;, is to resonate with the transformer
and to transform the source impedance which corresponds to an impedance
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in the Smith Chart well within the 0.5 dB available gain and noise circles in
Fig. 16. A series capacitor could replace the shunt capacitor but that will
result in less bandwidth. To conclude, the shunt capacitor is creating a
wideband input matching that is optimized for low noise. The purpose of
the L. inductors is to resonate with the parasitic capacitances in the
transistor at the operating frequencies. Shunt inductors could similarly be
used to resonate the parasitic capacitances, which would provide a wider
bandwidth, although this could result in a higher noise figure for the
amplifier [4].

A degeneration inductor of 10 pH is located at the source of the input
transistor, M1 and M2. Similarly, as for Lg these transistors also resonate
with the parasitic capacitances. The reason why inductors are required at
both the source and the gate terminal is, since, a real input impedance at the
gate will be created by Ls. Therefore, the value of the inductance of Lswill
be chosen for an optimum noise match. Since, the value of the real part for
the optimum noise match determines which inductance Lsshould have, L¢
provides an additional degree of freedom in order to both acquire an
optimal input impedance for noise performance and resonating the parasitic
capacitances at the operation frequency. In summary, the main purpose of
Ls s to increase the real part of the input impedance which improves the
input matching.

The input transistors, M1 and M2, are divided into three gate fingers, with
60 wires on each finger. This is to reduce the gate resistance, R¢, which will
result in a reduced noise figure. This is because R¢is generating thermal
noise at the input of the gate, which in turn will be amplified by the circuit.
There are also cross-coupled capacitances C.; and C., with a capacitance of
6 fF each. These are connected in such a way that the effective Cyq4 of the
transistors will be reduced, which improves stability. For certain values of
cross-coupled capacitance, it was also noticed that this could result in a
smaller distance between the optimum noise and maximum available gain
in the Smith Chart which was used to improve gain and noise performance.
The small distance between the noise and gain circles is shown in Fig. 16-
17. Therefore, a close to optimum noise and gain match was achieved at the
input.

At the output of the first stage, the drain inductances, Lp;and Lp,, which

are also part of the matching network, are resonating together with the

parasitic capacitances at the output of the stage, thereby tuning the output
31



stage, and providing maximum gain at the operating frequencies. Moreover,
they affect the second stage, as shown in Fig. 16b, moving the maximum
available gain closer to the center of the Smith Chart. Since, Lp,and Ly, in
Fig. 18 have a large inductance, 80 pH each, only 10 pF are required in the
interstage matching network to match for maximum available gain. The
interstage matching network further moves the point of maximum available
gain in the Smith Chart to the center, while simultaneously providing
sufficiently effective power transfer, by minimizing the reflection
coefficient.

The second stage can be described in a similar way, but there are some
differences. This stage is a cascode stage, where the transistors M3, and
M4, are in common source configuration, consists of 3 fingers with 60
wires on each, while M5, and M6, are in common gate configuration, are
twice as large and consists of 6 fingers with the same amount of wires on
each finger. The reason for having larger transistors in the common gate
than the common source part of the cascode is to achieve a smaller
impedance as seen from the drain of the common source transistors into the
source of the common gate transistors. This is due to a larger transistor
having a larger transconductance, and the impedance is roughly the inverse
of the transconductance. This results in a larger small signal current which
results in a higher gain.

The second stage has resistive feedback from the drain of the common gate
to the gate of the common source transistors in order to increase bandwidth
[4]. The downside of the resistive feedback is that the gain and linearity
performance reduce. Furthermore, they generate thermal noise, but since
the gain of the first stage suppresses the noise generated in the second
stage, the degradation of the total noise figure from the resistive feedback
was small.
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Input stage Stage 1

Figure 18 :The schematic of the LNA for 5G applications.

Fig. 19 shows the schematic of the LNA for satellite applications. This
amplifier also has a common source as a first stage, and a cascode stage as
a second stage. This amplifier shares a lot of similarities with the amplifier
in Fig. 17. There are however some differences. First, the matching network
for the interstage is different, as shown in Table 2. This was in order to
match the network for the E-band frequency range. Since the requirements
for bandwidth was not as strict as for the 5G LNA, no resistive feedback
was required which resulted in a higher gain than otherwise would have
been achieved. For an LNA operating in a satellite, the received signals
from earth are typically very weak, therefore large gain and low noise
figure are probably very crucial in order for the LNA not to degrade the
SNR of the received signals. The bias point for the first stage in Fig. 17 and
where Vs = 0.4V at Vps = 1.5 V since it was considered as a good trade-
off between noise, gain performance and power consumption, as described
in section 3.2, while in Fig.18, Vg = 0.37 V at Vg = 1.5 V to reduce
power consumption. The second stage in Fig. 18 had a bias point at Vg =
0.49V and Vs = 0.79 V, for the common source device, with a total
supply voltage of Vpp = 1.75 V, in order to increase linearity performance,
at the cost of higher power consumption. The linearity performance
increases, since, a higher Vs increases the voltage swing and a higher gate
bias results in less third order intermodulation products [10]. In a satellite,
the total power consumption is limited by the power generation of the solar
panels. Therefore, the second stage had a lower bias point at Vg = 0.4V
and Vpg = 0.75 V. Both transformers and quarter wave transmission line,
TLs, was used to separate the bias from the signal path, as shown in Fig.
18-19. For both amplifiers, the output port had an impedance of 20 (),
corresponding to the low input impedance of a current driven passive mixer
followed by a transimpedance amplifier. The input port had an impedance
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of 50 Q, corresponding to the impedance of the antenna. This means that
the output is matched for 20 (), while the input is matched for 50 Q.

Input stage Stage 1 Interstage Stage 2 Output stage

‘?In ! ™
3V Cor Ve
M2 ]

Figure 19: The schematic of the LNA for satellite applications.

3.4.2 Switch design

A schematic of the switch can be seen in Fig. 20 [14]. According to Eq. 8§,
the isolation and insertion loss of a switch can be calculated using the on-
state resistance of the transistor and characteristic impedance of the quarter
wave transmission lines, 71L; 2 5.6, if the off-state resistance of the transistor
is assumed to be much larger than the characteristic impedance and the on-
state resistance. The characteristic impedance and the size of the transistor
where adjusted with the goal of achieving an insertion loss less than 2 dB
and an isolation more than 20 dB. For the full operating frequency range.
Two parallel transistors with a size of 405 wires divided into 5 fingers were
finally used. The on-resistance of each transistor was 7.0 Q. The
characteristic impedance was approximately 75 () while the maximum off-
state resistance was 348 (1 when the transistor was in resonance with a
transmission line with a length of 228 um, and a characteristic impedance
of 50 (, noted as 7134 in Fig. 20.
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Figure 20: Schematic of the switch.
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Two resistive elements, R; 2, were used in order to decrease the effect of
Csp on the off-state resistance, lowering the impedance by providing a
small signal ground through the control gate bias. R; >, have a resistance of
1 k). Two transistors were used in parallel, in order to ensure the condition
that the off-state resistance is much larger than the characteristic
impedance. Since each transistor can be made smaller while still achieving
the same isolation. In addition, optimal control biases where investigated. It
was found that the on-resistance did not decrease significantly with a
control bias of more than 1.5 V, simultaneously, the off-resistance did not
increase with a control bias of -0.25 V. Therefore, it was determined that
these control biases resulted in optimum performance. This RF switch is
based on the switch in [14].
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CHAPTER 4

4 Results

4.1 Results for LNA

4.1.1 Satellite LNA results

In Fig. 21, the S-parameters and noise figure for the LNA with satellite
applications is shown. A peak gain is achieved at 83 GHz with §,; =

23.2 dB. The 3-dB bandwidth is 8.0 GHz, from 79.5 GHz to 87.5 GHz,
with a §,; > 21.8 dB within the uplink E-band, from 81 GHz to 86 GHz.
The noise figure is less than 2.8 dB from 78.9 GHz to 86.6 GHz, i.e. for the
full E-band uplink frequency, with a minimum noise figure of 2.66 dB at 83
GHz.

S-parameters and noise figure
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Figure 21: S-parameters and noise figure for the satellite LNA.
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For the input matching, S;; < —7.0 dB from 81 GHz to 86 GHz, with a
very good input match of S;; < —10 dB for frequencies over 82.1 GHz,
with a minimum S;; = —18.4 dB at 86 GHz. For the output matching,
S5, < —7.0 dB for the full uplink E-band frequency range, with an optimal
match at 84 GHz with S,, = —13.4 dB. The output match is quite
narrowband since the output of the cascode has high impedance and the
input to the mixer has low impedance. Therefore, the output matching
network is optimized for a small frequency range. The gain peaks of the
two stages is relatively close in frequency, since bandwidth requirements
are less stringent for this LNA, which results in a peaking frequency
response for the gain of the full LNA.

4.1.2 5G LNA results

In Fig. 22, the S-parameters and noise figure for the LNA for 5G
applications is shown. Maximum gain is achieved at 113 GHz with S,; =
24.5 dB. The 3-dB bandwidth spans from 103.6 GHz to 120.0 GHz
resulting in a total 3-dB bandwidth of 16.4 GHz. From 106.9 to 118.1,

S,1 > 23 dB, which is a frequency range of 11.2 GHz. The noise figure is
less than 2.5 dB for a frequency range of 6.3 GHz, from 111 GHz to 117.3
GHz. For the full 3-dB bandwidth, the noise figure is less than 2.6 dB.
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S-parameters and noise figure
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Figure 22: The S-parameters and noise figure for the SG LNA.

The input matching achieves an S;; < —10 dB for the full bandwidth, with
minimum input reflection achieved at 103.6 GHz with S;; = —18.0 dB.
The output matching achieves only S,, < —3.5 dB for the full 3-dB
bandwidth. The output matching is good from 111.0 GHz to 117.3 GHz
with S,, < —10 dB and lowest output reflection at 115 GHz with S,, =
—14.2 dB. The frequency response for the gain of the full LNA is relatively
flat since the gain peaks at different frequencies for the two stages, which
results in a higher bandwidth.

A study on alternate input stage topology has been done. In Fig. 23, the
difference between the first stage used in the 5G LNA, the common source
stage, and a corresponding common gate stage are highlighted for gain and
noise figure. The common source stage has clearly both a higher gain and a
lower noise figure compared to the common gate stage for the frequency
range of interest. The common gate stage has a maximum gain of 2.6 dB at
111 GHz while the common source stage has a maximum gain of 9.18 dB
at 108 GHz. The common source stage has a 3-dB bandwidth of 28.7 GHz
between 96.9 GHz and 125.6 GHz while the common source stage has a 3-
dB bandwidth of 35.5 GHz between 96.6 GHz and 132.1 GHz.
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Figure 23: The difference between the common source stage and a common gate
stage.

The common gate has a noise figure less than 3.5 dB between 98.0 GHz
and 116.6 GHz, while the common source stage has a noise figure of less
than 3 dB between 102.4 GHz and 137.5 GHz. The common gate stage
never achieves a noise figure lower than 3 dB and the minimum noise
figure for the common gate is 3.28 dB at 107 GHz.

4.1.3 Linearity of the LNA

Fig. 24 shows the linearity performance for the satellite LNA at 83 GHz.
For high enough input powers, the output goes into compression. The 1-dB
compression point is outlined at an input power of -21 dBm and an output
power of 2.1 dBm. The third-order intercept point is also outlined at an
input power of -12.7 dBm and an output power of 10.4 dBm. The distance
between input referred compression point and third-order intercept point is
therefore 8.3 dBm.
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Figure 24: Linearity performance of the satellite LNA at 83 GHz.

In Fig. 24, the third-order intermodulation product is less than -40 dBm for
interfering signals, with signal strength of -30 dBm power or less. At an
input power of -30 dBm, the output power is -7.1 dBm. If the wanted signal
power equals the interfering signal power, this results in a more than 30 dB
ratio between the output signal power and the output power of the spurious
signals.

Fig. 25 shows the linearity performance for the LNA for 5G applications at
114 GHz. The input referred 1-dB compression point is obtained at an input
power of -23.4 dBm and an output power of -2.0 dBm. Furthermore, the
input referred third-order intercept point is outlined at an input power of -
17.4 dBm and at an output power of 6.5 dBm.
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Figure 25: Linearity performance of the SG LNA at 114 GHz.

In Fig. 25, the third order intermodulation product is less than -40 dBm
when the interfering signals have a signal strength of less than -33.6 dBm.
If the wanted signal power equals the interfering signal power, this results
in a more than 30 dB ratio between the output signal power and the output
power of the spurious signals.

4.2 Results for the switch

In Fig. 26, the S-parameters for the switch are shown. Including both S,; in
the on- and off-state of the switch, i.c. insertion loss, and isolation between
the antenna and the receiver. The isolation between the transmitter and the
receiver is also shown, S,3. Both S;; and S, are measured in the on-state.
The insertion loss is less than 2 dB from 97.5 GHz to 111.2 GHz, a
bandwidth of 13.7 GHz and has increased to 2.15 dB at a frequency of 120
GHz. The lowest insertion loss achieved is -1.96 dB at a frequency of 104
GHz. The isolation between the antenna and receiver is more than 20 dB
for a bandwidth of 31.65 GHz, from 97.4 GHz to 129 GHz with maximum
isolation for the bandwidth of interest at 110 GHz with an isolation of 20.33
dB. The isolation between the transmitter to the receiver is equal to the
insertion loss and the isolation between the antenna and the receiver and is
more than 22 dB for the frequency range of interest.
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Figure 26: The S-parameters for the switch.

For the input matching, S;; < —10 dB from 82.1 GHz to 142.4 GHz,
corresponding to an impedance input matching bandwidth of 60.3 GHz,
with minimum reflection at 110 GHz with S;; = —34.2 dB. The achieved
output matching was excellent too, with S,, < —10 dB between 84.1 GHz
to 152.9 GHz with minimum output reflection achieved at 122 GHz with
S,, = —52.6 dB.

In Fig. 27, the linearity performance for the switch is shown. The switch
does not show any signs of compression for input power levels lower than
10 dBm, and the input-referred 1 dB compression point for the insertion
loss is 14.5 dBm. The third order intercept point is located at an input
power of 21.5 dBm and an output power of 19.5 dBm.
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Figure 27: Linearity performance for the switch.

4.3 Performance comparison: LNA with and without
RF switch

Fig. 28 shows the change in performance for the S-parameters and the noise
figure when a switch is connected to the LNA for 5G applications at 110
GHz. The gain has dropped 2 dB for the LNA connected with the switch in
comparison to the single LNA, approximately equal to the insertion loss of
the switch. Simultaneously, the switch has increased the noise figure by
approximately 2 dB to between 4.5-4.6 dB for the frequency range 106.6-
116.6 GHz. The input matching has improved for the LNA that is
connected to a switch compared to the single LNA, but there is no change
for the output matching. The RF switch is matched for 50 Q at the input and
output. If a differential interstage matching network would be made to
match the RF switch with a differential input to the LNA, perhaps would
result in less complexity and better performance.

44



S-parameters and noise figure

30 r —O—NF
P S11
25 //’,,'_y__\\\ ——S,,
///////’—- —‘\\\\\ ___'821
20’ /////// \\\\
///// \\\\
//// N~ D
15+ /i// \\\\
—_ Z- \\\\_
2 10Ff ~
[0
©
2
'c
(®)]
©
=
_20 1 il [ 1 1 1 N | |
90 95 100 105 110 115 120 125 130

Frequency (GHz)

Figure 28: Change of the performance for the S-parameters and noise figure when a
switch is connected to the LNA.

4.4 Comparison

4.4.1 Comparison to other LNAs

Table 3 shows a comparison between the LNA for satellite- and 5G
applications regarding important parameters. The noise figure is around 0.2
dB higher for the satellite LNA compared to the 5G LNA. According to Eq.
14, increasing frequency increases the minimum noise figure. Although, the
slightly higher noise figure for the satellite LNA can be explained when
comparing Fig. 16 and Fig. 17, where it can be observed that it is more
difficult to match the input to the first stage for both optimum gain and
noise for the satellite LNA. The 5G LNA also has around 1 dB more gain
than the satellite LNA. This can be explained by the higher bias of the
second stage of the 5G LNA, which increases the power consumption. The
bandwidth of the 5G LNA is around twice as that of the satellite LNA, this
is due to both the higher operation frequency, and the resistive feedback of
the 5G LNA. The combination of no resistive feedback and the lower gain
results in better input-referred linearity performance for the satellite LNA.
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INA | NF | G | BW | ICPus | 1IPs | Py, FOM
(dB) | (dB) | (GHz) | (dBm) | (dBm) | (mW) | (GHzZ/mW)
5G | 25 | 245 | 164 | 234 | -174 | 73.1 81.2
Sat. | 2.7 | 232 | 8 21 | -12.7 | 51.8 37.4

Table 3: Comparison of the satellite- and SG LNA.

4.4.2 Comparison to other work

In Table 4, the LNA for 5G applications is compared with LNAs, operating
at similar frequencies. This work used similar channel lengths to that of
many of the compared works. The noise figure for the LNA of this work is
lower or similar to that of the compared works, while reaching similar gain.
Although, the bandwidth was similar or lower, meanwhile the power
consumption was average. To conclude using FOM in Eq.8, the LNA of
this work had better overall performance than all except for two compared
work. The high value of FOM in [19] can be explained by their given
bandwidth not being the 3-dB bandwidth but the 4.5-dB bandwidth, and
their high gain.

Comparison with previous work: LNA for 5G
This work: * | [20] [1] [19] [21]
Technology | InGaAs InP mHEMT | mHEMT | mHEMT
VNW- HEMT
MOSFETs
L (nm) 50 100 120 50 50
NF (dB) 2.5 5.6 4.5 2.6 4%
G (dB) 24.5 20 24 28.5 21
BW34p 16.4 15 ~23 64 %% * 30
(GHz)
IIP;(dBm) |-17.4 N/A** | N/A** | N/A** N/A**
ICP14B -23.4 -16 N/A*® | N/A** N/A**
(dBm)
Ppc (mW) 73.1 120 90 50.2 28.9
f (GHz) 103.6-120.0 | 117.5- | 100-115 | 60-124 126-156
132.5
FOM 81.2 4.8 353 1101 86.4
(GHz/mW)

Table 4: Comparison with previous works for low noise amplifiers operating in a
similar frequency range but using different technologies.

*Results obtained from simualtions.
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**N/A indicates that no data was presented for the specific parameter.

***This value is not the 3-dB bandwidth, but the 4.5-dB bandwidth.

In Table 5, the LNA for satellite applications is compared with LNAs
operating at similar frequencies. The LNA of this work had lower noise
figure than the compared works, while having similar or slightly higher
gain. The bandwidth was lower than two out of three, furthermore the
linearity was worse than two out of three compared work. The power
consumption was average except for one other work that achieved a lower
power consumption. To summarize, this work average performance using
FOM outperformed the compared works.

Comparison with previous work: LNA for satellite
This work: * | [22] [23] [24] [25]
Technology | InGaAs CMOS | CMOS SiGe CMOS
VNW- SOI RFSOI
MOSFETs
L (nm) 50 90 45 120 45
NF (dB) 2.7 8.8 4.8 4.5 4.9
G (dB) 23.2 20.2 16.8 >22 12
BW34p 8.0 4 15 15 25
(GHz)
IIP3(dBm) | -12.7 N/A** 1 0.4 N/A** N/A**
ICPi4B -21 -27.4 -9.2 -6.5 -21
(dBm)
Ppc (mW) 51.8 15.4 46 67 4.7
f (GHz) 81-86 66-70 76-88 81-86 80-95
FOM 37.4 4.1 7.7 19.5 40.3
(GHz/mW)

Table 5: Comparison with previous works for low noise amplfiers operating in a
similar frequency range and applications but using different technologies.

*Results obtained from simulations.
**N/A indicates that no data was presented for the specific parameter.

In Tab. 6, the switch of this work was compared to switches of other works,
operating at similar frequencies. The isolation of this work was average, or
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lower compared to that of other works, while the insertion loss was higher
than all except one compared work. The compression point was also lower
than that of other works. Further optimization is required to produce better
numbers.

Comparison with previous work: Switch
[26] [27] [28] [29]
This
work: *
Technology | Vertical SiGe GaN- GaAs mHEMT
InGaAs BiCMOS | HEMT pHEMT
nanowire
MOSFETs
L (nm) 50 90 100 100 50
S3,(dB) >20 >20 20.4 28 28-31.4
IL (dB) 2 <2 1.3 4.8 1-1.9
ICP14B 14.5 >24 >25 22 19
(dBm)
f (GHz) 97.5-120 | 79-129 75-110 75-96 72-120

Table 6: Comparison with previous works for switches operating in a similar
frequency range.

*Results obtained from simulatons.
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CHAPTER D

5 Conclusions

Vertical InGaAs nanowire transistors have been used for the design in this
work to show their potential as transistors in LNAs and switches. Two LNAs
have been designed using AWR, one for 5G applications operating around
110 GHz with 16.4 GHz bandwidth, and one for satellite applications
operating around 83 GHz with 8 GHz bandwidth. The achieved noise figure
was less than 2.8 dB for the full frequency range of interest for both LNAs,
and if compared to LNAs of other work operating at similar frequencies, the
achieved noise figure is low for both amplifiers. The low noise figure at high
frequency operation when using these transistors can be explained as a
consequence of the high g,, for the bias point of the first common source
stage. The second stage consisting of a cascode stage have provided a total
gain for the full satellite LNA of 23.2 dB and 24.5 dB for the full 5G LNA.
This gain will probably be enough to suppress significant noise addition from
the preceding circuit elements and keep the total receiver noise figure close
to 5 dB.

For the linearity performance, the input referred 1-dB compression point was
-23.4 dBm, and -21 dBm for the 5G- and satellite LNA respectively,
moreover, for the switch it was 14.5 dBm. For spurious emissions, the input-
referred third order intercept point was -17.4 dBm, and -12.7 dBm for the
5G- and satellite LNA, respectively. The relatively low power consumption
of the satellite LNA of 51.8 mW, although providing high gain and low noise
figure, will be useful for satellite applications in the E-band, since it can
compare with LNAs used in similar applications [12]. Furthermore, link
budget calculations for the satellite LNA is shown in appendix 2. Since there
are no strict defined specifications for receivers operating around 110 GHz,
it is not possible to yet determine if the 5G LNA together with the switch will
meet future specifications. It is shown in appendix 3, that the 5G LNA
together with the switch, has low enough noise figure to meet the
specification for receiver sensitivity defined at lower frequencies. The
transmitter to receiver isolation the switch is more than 22 dB up to 220 GHz
and the insertion loss is less than 2.2 dB from 97.5 to 120.0 GHz.
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CHAPTER O

6 Future Work

The input transformer affects the noise performance to a large extent,
since it contributes with noise before the signal has been amplified. It
would be valuable to use different models of the transformer with
different properties to explore what properties the optimum
transformer would have and still be feasible to realize.

This work has focused on two-stage LNAs, with a first stage as a
common source and a second stage as a cascode. It would be relevant
to design LNAs using the same transistors for similar frequencies but
using different topologies or more stages.

This work has been using only transistors with a channel length of 50
nm. It would also be relevant to explore more in depth how different
channel lengths affects the performance of the LNAs.

Finally, this work could be continued by designing a layout of this
design, use it to realize a prototype, and measure its properties to see
how it compares to the values extracted from the simulations
performed in this work.

51



References

[1] A. Bessemoulin, P. Fellon, J. Gruenenpuett, H. Massler, W. Reinert,
E. Kohn and A. Tessmann, "High Gain 110-GHz Low Noise
Amplifier MMICs using 120-nm Metamorphic HEMTs and Coplanar
Waveguides," Orsay Cedex, France and Freiburg, Germany and Ulm,
Germany, 2005.

[2] B. Schoch, S. Chartier, U. Mohr, M. Koller, S. Klinkner and 1.
Kallfas, "Towards a CubeSat Mission for a Wideband
Datatransmission in E-band," SHaRC, pp. 16-19, 2020.

[3] O.-P.Kilpi, J. Svensson, E. Lind and L.-E. Wernersson, "Electrical
Properties of Vertical InAs/InGaAs Heterostructure MOSFETs,"
IEEE Journal of the Electron Devices Society, Lund, 2018.

[4] M. Saurabh Sinha, Millimeter-Wave Low Noise Amplifiers, Springer,
2018.

[5] M. W. Macon, "The Noisy-Channel Coding Theorem," San Fransisco
State University, San Fransisco, 2015.

[6] "User Equipment (UE) radio transmission and reception (3GPP)," in
Part2: Range 2 Standalone (Release 16), V16.2.0 (2019-12).

[7] F.Medjdoub, Gallium Nitride (GaN): Physics, Devices, and
Technology, Lille: CRC Press, 2016.

[8] P.J.Bevelacqua, "VSWR (Voltage Wave Standing Ratio)," Accessed
on: April 10, 2020. [Online]. Available: http://www.antenna-
theory.com/definitions/vswr.php .

[9] M. Borg, "High Speed Devices, Lecture 9, Transistor Noise," Lund
University, Lund, 2019-11-26.

[10] T. H. LEE, "The Design of CMOS Radio-Frequency Integrated
Circuits," Cambridge University Press, Cambridge, 2004.

[11] S. N. Ong, K. W. J. Chew, K. S. Yeo, L. H. K. Chan, X. S. Loo, C. C.
Boon and M. A. Do, "A new unified model for channel thermal noise
of deep sub-micron RFCMOS," in RFIT, Singapore, 2009.

[12] P. Harati, B. Schoch, A. Tessmann, D. Schwantuschke, R.
Henneberger, H. Czekala, T. Zwick and 1. Kallfass, "Is E-band
satellite communication viable?," IEEE microwave magazine, pp. 64-
76, 2017.

[13] F. G. Matfiero, "Differential Millimetre Wave On-Chip Inductors,"
Master thesis, Lund University, Lund, 2019.

52



[14] O. Ambacher and F. Thome, “Highly Isolating and Broadband Single-
Pole Double-Throw Switches for Millimeter-Wave Applications Up
to 330 GHz,” IEEE Transactions on Microwave Theory and
Techniques, 2018.

[15] Y. Li, L. Wei, D. Antoniadis, I. Elfadel and D. Boning, "Statistical
Modeling with the Virtual Source MOSFET Model," MIT, 2013.

[16] A. M. Niknejad, "Lecture 13: Amplfier Noise Calculations,"
University of California, Berkeley, 2005.

[17] M. Borg, "High Speed Devices, Lecture 11, microwave Gains and
Stability," Lund University, Lund, 2019.

[18] A. Grebennikov, N. Kumar and B. S. Yarman, Broadband RF and
Microwave Amplifiers, Boca Raton: CRC Press, 2016.

[19] F. Thome, A. Leuther, F. Heinz and O. Ambacher, "W-Band LNA
MMICs Based on a Noise-Optimized 50-nm Gate-Length
Metamotphic HEMT Technology," IMS , 2019.

[20] H. Takashashi, T. Kosugi, A. Hirata, K. Murata and N. Kukutsu,
"120-GHz-band Low-noise Amplifier with 14-ps Group-delay
Variation for 10-Gbit/s Data Transmission," European Microwave
Conference, Amsterdam , 2008.

[21] E. Weissbrodt, 1. Kallfass, R. Weber, A. Tessmann, M. H and A.
Leuther, "Low-noise amplifiers in D-band using 100 nm and 50 nm
mHEMT technology," in German Microwave Conference Digest of
Papers, Berlin, 2010.

[22] J.-H. Tsai, C.-C. Hung, J.-H. Cheng, C.-F. Lin and R.-A. Chang, "An
E-band Transformer-Based 90-nm CMOS LNA," APMC, Kyoto,
2018.

[23] S. Li, T. Chi, D. Jung, T.-Y. Huang, M.-Y. Huang and H. Wang, "An
E-Band High-Linearity Antenna-LNA Front-End with 4.8dB NF and
2.2dBm IIP3 Exploiting Multi-Feed On-Antenna Noise-Cancelling
and Gm-Boosting," ISSCC, San Francisco, 2020.

[24] R. B. Yishay, O. Katz, B. Sheinman and D. Elad, "High Performance
E-band Variable Gain LNA with Image Reject Filter," APMC,
SIngapore, 2019.

[25] L. Gao, Q. Ma and G. M. Rebeiz, "A 4.7 mW W-band LNA with 4.2
dB NF and 12 dB Gain Using Drain to Gate Feedback in 45nm
CMOS RFSOI Technology," in IEEE RFIC Symposium, Philadelphia,
2018.

53



[26] P. Song, R. L. Schmid, A. C. Ulusoy and J. D. Cressler, "A high-
power, low-loss W-band SPDT switch using SiGe PIN diodes," in
IEEE RFIC Symposium, Tampa, 2014.

[27] F. Thome, E. Ture, P. Bruckner, R. Quay and O. Ambacher, "W-band
SPDT switches in planar and tri-gate 100-nm gate-length GaN-HEMT
technology," in //th GeMiC, Freiburg, Germany, 2018.

[28] L. Li, R. Qian and X. Sun, "W-Band Single-Pole Four-Throw Switch
for Multichannel High," Progress In Electromagnetics Research,
2019.

[29] F. Tome, A. Leuther and O. Ambacher, "Low-Loss Millimeter-Wave
SPDT Switch MMICs in a Metamorphic HEMT Technology," IEEE
Microwave and Wireless Components Letters, 2020.

[30] M. Vigilante and P. Reynaert, 5G and E-Band Communication
Circuits in Deep-Scaled CMOS, Springer, Cham, 2018.

[31] V. Meghdadi, "Q-Function," 2008.

[32] A. Jebril, M. Lucente, M. Ruggieri and T. Rossi, "W-Band Satellite
Transmission in the WAVE Mission," University of Rome-Tor
Vergata, Rome, 2003.

54



55



List of Figures

Figure 1: Schematic of a receiver. Each stage deteriorates the SNR............ 7
Figure 2: Picture of a traditional planar MOSFET. ..........cccoceeiiieiiiieienns 8
Figure 3: a) SEM image of a vertical nanowire MOSFET, and in b) is an

illustration of the basic structure of the MOSFET in a).......ccccceeevveennennnne 10

Figure 4: S-parameters and the source and load reflection coefficients I's
and 'L respectively. ZS and ZL are the source and load impedance and V;

and V> are the incoming and outgoing voltage wave, respectively............. 11
Figure 5: Smith Chart with available gain and noise figure circles. ........... 12
Figure 6: Noisy general 2-port network and a noiseless 2-port network

circuit with equivalent input-referred noise SOUrces. .........cccceevveeveveeerneenns 13

Figure 7: The location of the intermodulation products with respect to the
fundamental tones (left) and the location for the 1dB compression point and
third order intercept point for two signal sources with frequencies f; and />

(TIZRE). ettt ettt ettt et e s ens 15
Figure 8: Circuit schematic of a transformer. ...........cccceevveeeienieenieeneeennen. 17
Figure 9: The series switch, a), and the shunt switch, b). ..........ccccceeeee. 18
Figure 10: Small signal model of a transistor. ...........ccccceevveeeieenieerieeneeennen. 19
Figure 11: The drain current and transconductance versus the gate voltage,
for set drain voltage, VDS = 1.5V . oo 22
Figure 12: The drain current versus the drain voltage for different gate
DIASES. .ttt et 23

Figure 13: a) The minimum noise figure versus gate bias for a transistor
with 3 fingers and 180 nanowires with a drain bias of 1.5 V. b) A Smith
chart with available gain- and noise figure circles for a transistor with 3
fingers and 180 nanowires at the frequency 83.5 GHz, and c¢) 110 GHz. d)
A Smith chart with available gain- and noise figure circles for a transistor
with 6 fingers and 360 nanowires at 110 GHz..........cccccccvveviiiincieenienee 24
Figure 14: Three common amplifier stages: a) differential cascode stage, b)
differential common source stage with cross-coupling and c) differential
COMMON ZALE STAZE. ...veeuveeureriietiriteeiterte ettt ettt et e et sttt beesbeeresaeens 25
Figure 15: The transformer lumped circuit model. ............coccoveiiiinenee. 26
Figure 16: The available gain (dashed line)- and noise figure (full line)
circles for the 5G LNA before matching: a) First stage, common source b)
CASCOAR STAZE .. .veiuiieiiieiieeiie ettt ettt e bt e e et e e seee st e esaeeenbeessaesnseenaneens 29
Figure 17 : The available gain (dashed line) and noise figure (solid line)
circles for the satellite LNA before matching. a) common source b):
CASCOAE STAZE ...cuvvieeiiieeiiieeiieeetteeeitteeeteeesteeestreeensaeeesseeesraeasseeensseeensseennns 30
Figure 18 :The schematic of the LNA for 5G applications...........c..ccuc....... 33

56



Figure 19: The schematic of the LNA for satellite applications. ................ 34

Figure 20: Schematic of the SWitCh.........ccccoeviiiiiiiiiiiiiieeceeee e, 34
Figure 21: S-parameters and noise figure for the satellite LNA. ................ 37
Figure 22: The S-parameters and noise figure for the 5G LNA. ................ 39
Figure 23: The difference between the common source stage and a common
AL STAZEC. 1eevvieeiiieeiiieeitee ettt ett et e e et e et e et e e et e e et e e et e e e nbeeenabeeennneeeans 40
Figure 24: Linearity performance of the satellite LNA at 83 GHz.............. 41
Figure 25: Linearity performance of the 5G LNA at 114 GHz. ................. 42
Figure 26: The S-parameters for the switch..........cccccoevviieeiiieeciiecieee, 43
Figure 27: Linearity performance for the switch. ...........ccccooveviniinnncnnne. 44
Figure 28: Change of the performance for the S-parameters and noise figure
when a switch is connected to the LNA........ccccoooniiiiiiniineeceeee, 45
Figure 29: Modulation scheme for 16-QAM. .......c.ccoooiiiiiiiiiiieeieeeeen 60

57



List of Tables

Table 1: The insertion loss, inductance at primary, secondary side, coupling
factor, and Q factor for the different transformer models at the frequencies
83.5 GHz and 110 GHz for satellite- and 5G application respectively....... 27
Table 2: Comparison of the satellite- and 5G LNA. .........ccceeevveeiieeeneens 46
Table 3: Comparison with previous works for low noise amplifiers
operating in a similar frequency range but using different technologies. ... 46
Table 4: Comparison with previous works for low noise amplfiers operating
in a similar frequency range and applications but using different

tECHNOIOZIES. ..ovviiiiieiiieiie ettt e 47

Table 5: Comparison with previous works for switches operating in a

similar freqUENCY TANEZE. ......ccveeeiieriieeieeiieeie ettt seae e ee 48
44

58



List of Acronyms

CMOS
LNA
InGaAs
NF
SNR
CS

CG
BER
RF

5G
DIBL
QAM
PLL
GAA
BW
FOM
SEM

Complementary Metal Oxide Semiconductor
Low noise amplifier

Indium gallium arsenide

Noise figure

Signal to noise ratio

Common source

Common gate

Bit error rate

Radio frequency

Fifth-Generation Mobile communications
Drain-induced barrier lowering
Quadrature Amplitude Modulation

Phase locked loop

Gate all-around

Bandwidth

Figure of merit

Scanning electron microscope

59



Appendix

A.1 Modulation techniques and Link Budget

The minimum required SNR, furthermore, together with the bandwidth,
noise figure of the receiver and temperature, corresponds to a minimum
required input power to the receiver, the receiver sensitivity. The input
power to the receiver is affected by the distance between the receiver and
the transmitter, the performance of the receiving and transmitting antennas,
absorption of the signal by the atmosphere and the output power of the
transmitter [12].

The information is stored in the signal by modulating the signal waveform.
This can be done through different types of modulation, but one modulation
technique is quadrature amplitude modulation, QAM. In this technique,
both amplitude and phase shift are used to modulate the signal. There are
different types of QAM depending on how many bits of information each
symbol contains. An example of the modulation scheme for the 16-QAM is
given in Fig. 29. The number in front indicates how many ways the
waveform can be modulated and the number of bits for each symbol is
given by log, N where N is the number in front. This is because there are
21082 different ways that the waveform can be modulated. As an example,
for 16-QAM there is 4 bits per symbol [4].

0000 0011 1000 1111

0001 0100 1001 1110

0011 0101 1011 1100

0010 0111 0110 1010

Figure 29: Modulation scheme for 16-QAM.
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The more bits that can be represented by one symbol, the faster the data
speed becomes. One downside though with having many bits per symbol is
that the required signal to noise ratio, SNR, becomes higher and thereby the
requirements on the performance of the LNA increases, for example the
LNA must have a very low noise figure to be able to receive 128-QAM. In
the modulation scheme, noise and nonlinearities makes it more difficult to
distinguish what symbol it belongs to, i.e. the dots get further away from
the circles in Fig. 29, where each circle represents a symbol. For large
enough noise and nonlinearities, the dots belonging to different symbols
begin to overlap, and some bits are lost as a result [30].

BER ~ log12M4(1 - %ﬁ) Q( /%SNR) [30] (15a)

~*/2 gy [31] (15b)

© 1
Where Q(2) =p(X 2 2) = [ =€
(15a) shows the bit error rate, BER, for M-QAM as a function of SNR. Q is
the Q function. When having decided a minimum acceptable value of BER
and M, a minimum acceptable value of SNR can be calculated [30]:

T'Xsensitivity = 10logo(kp T) + 10log o(BW) + NFrx + SNRi, (16)

From this value of SNRmin, the receiver sensitivity, 7Xsensisiviry, can be
calculated when knowing the noise figure of the receiver, NFrx, and
bandwidth of the channel, BW, as shown in Eq. 16. In Eq. 16, kzis
Boltzmann’s constant and T is the antenna temperature in Kelvin.

The fifth-generation mobile communication systems, 5G, has a
specification sheet [6], were the required specifications for a receiver
designed for 5G is specified. There are 4 different power classes with
different specification requirements. The power class that is used depends
on application and output power of the transmitter in the corresponding
wireless network. Power class 1 is for fixed wireless access user equipment.
Power class 2 is for vehicular user equipment. Power class 3 is for handheld
user equipment. Power class 4 is for high power non-handheld user
equipment. [6]

There are also 4 different frequency bands to operate within in the FR2
frequency range. This is so far the frequency range for 5G applications yet
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specified that includes the highest frequencies and covers a frequency range
from 24.25 GHz to 52.6 GHz. It is specified that for a receiver of power
class 3 and a channel bandwidth of 400 MHz in the n260 band, that
includes the frequencies from 37-40GHz, the maximum receiver sensitivity
should be -76.7 dBm, for a 4-QAM modulation. The n260 band is the
highest frequency band within the FR2 frequency range yet specified. The
maximum input power level should be -25 dBm for all channel bandwidths.
The in-band blocking requirements states that for the n260 band, the
interference signals should have a power level of 34.5 dBm over the
receiver sensitivity and be at a distance 400, 800 MHz from the wanted
signal. The wanted signal should in turn have a power level 14 dBm over
the reference sensitivity, but the receiver should still be able to demodulate
the wanted signal. Regarding all these requirements, a minimum acceptable
throughput defined as 95 %, which means that the data transfer rate is 95 %
of the maximum data transfer rate. The requirements are made for this
frequency band, but it can be assumed that similar requirements can be used
at higher frequencies [6].

Link budgets are useful for determining the requirements for the different
devices in the full transmitter to receiver wireless system and takes into
consideration the distance between transmitter and receiver etc [12].

Prx = Prx + Garx + Gapx — FSPL — Loty (17)

A formula useful for link budget calculation for satellite communication
and 5G networks etc, can be found in Eq. 17. There the received power at
the receiver, Prx, is a function of the power transmitted from the
transmitter, Prx, the antenna gains at the transmitter and the receiver, Ga, 1x,
Ga, rx respectively [12].

c 2

The free space propagation loss (FSPL), given by Eq.18, where f'is the
frequency, r is the distance between transmitter and receiver and ¢ is the
speed of light in vacuum [12]. Eq.18 is also a function due to the loss of the
signal from attenuation caused by the atmosphere, Lam [12].

Prx min = 10 log1o(kp TB) + NFgx + SNRpin (19)
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The minimum SNR for a certain BER and modulation technique is given by
Eq. 15a. That could be used to calculate the receiver sensitivity, Prx min,
according to Eq. 19. T is the temperature of the receiving antenna, kg is
Boltzmann’s constant, B is the channel bandwidth, NFkry, is the receiver
noise figure and SNR i, is the minimum SNR. [30]

The E-band uplink band frequency is between 81-86GHz. For these
frequencies, a total antenna gain of 88dBi is realistic. [12] The total power
from the transmitter can be assumed to be around 30 W and the antenna
temperature is equal to 270 K [32]. The satellites that are using the E-band
for communication are normally located 400-550 km above the sea level.
[2] Lawm 1s varying heavily depending on the current weather but can be
assumed not to be more than 20 dB for the E-band [12], this value does not
depend on the distance between the satellite and the sea level, since the
atmosphere absorption above approximately 30 km is neglectable [32].

A.2 Calculations of BER for satellite LNA:

By using Eq. 17 for the link budget and Eq. 18 for the free space
propagation loss, the received power at the satellites communicating in the
E-band can be calculated, using Lg¢, = 20 dB, Pry = 30 W, Ga1y +

Garyx = 88dBi [12], f = 86GHz,r = 550 km:

Prx = Prx + Gary + Gupx + FSPL — Lggn = 10 - (logyo 30 - 103 mW) +
88 dBi — 10 logy, (L)2 —20dB =10 - (logy, 30 - 103 mW) +

4nrf
c
41-550 km-86 GHz

2
88 dBi + 10 log, ( ) —20dB = —73.2 dBm

Then equation 12 can be used to calculate what SNR this corresponds to
when assuming the noise figure in figure 21 of around 2.7 dB and a
bandwidth of 5 GHz from the uplink E-band between 81-86 GHz:

Prx min = 1010819(kTB) + NFgx + SNR i
SNRyin = Prx,min — 1010gy0 (kTB) — NFgy
= —73.2dBm
— 101log;((1.38-10723J/K - 270 K - 5-10° Hz) — 2.7 dB
=99dB
If the used modulating technique is QPSK, using equation 8a and SNR =
8.6 dB results in the following BER:
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BER =~

4(1 _«/LM) Q %SNR = Q(VSNR)

= 83-107*
Using the same equation with PSK results ina BER =~ 1.6- 107"

log, M

A.3 Calculations of BER for 5G LNA:

If the channel for instance has a bandwidth of 400 MHz in the operating
band n260 in the Fr2 frequency range, the temperature is 300 K, for a
power class 3, then the minimum required receiver sensitivity, RXsensitivity
=-76.7 dBm. From Eq. 9 and with a noise figure of 4.6 dB as shown in
figure 28:

RXsensitiviey = 10logo(KgT) + 10log o(BW) + NFrxy + SNRpin

SNRyin = RXsensitiviey — 10log;o(Kg T) — 10log,o(BW) — NFpx =
= —76.7dBm — 101log,,(1.38 - 10723J/K - 300 K)
— 101log,((400 - 10 Hz) —6dB = 5.1 dB

According to 3GPP, the specification requires that for a minimum input
power of -76.7 dBm, the data rate throughput should be minimum 95%
when using 4-QAM [6]. By using SNR,,,;;, = 5.1 dB in equation 8a for 4-
QAM:

1 3
4(1 ——) Q| |[——SNR |~ 0.036.

BER =~
N M—1

log, M

A.4 Noise sources in LNAs:

In Table 7 and 8, the noise source contributions for the 5G- and satellite
LNA is shown. The noise power is measured at the output of the LNA. It
can be concluded that the three most significant sources in both LNAs are
from the transistor model, the transformer at the input of the LNA, and the
gate inductors of the common source.

\ 5G LNA: |
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Element* Noise contribution at 110 GHz
(10~'8 W/Hz)
M1 and M2 5.8
Try 3.5
Lsy and L, 1.8
Lg; and Lg, 1.3
Cy 0.34
Tr, 0.33

Table 7: Noise sources for the 5G LNA.

*Refer to Fig. 18.

Satellite LNA:
Element* Noise contribution at 83 GHz
(10718 W/Hz)
M1 and M2 2.1
Lgq and L, 2.0
Try 0.95
Cy 0.29
Cqand Cp,p 0.24
Tr, 0.061

Table 8: Noise sources for the satellite LNA.

*Refer to Fig. 19.
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