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Abstract
In the recent years, several technical advances have been introduced to communication
systems along the fifth generation (5G) communication network. The most prominent
trends with integrated radio transceivers are adoption of higher frequencies, 24.24-43.5
GHz according to the recently published 5G NR standard for FR2, incorporation
of radio-based sensing systems, and utilization of CMOS technology. Our research
group has answered to these challenges by designing and implementing an integrated
transceiver operating at 5G NR FR2 bands. The radio receiver provides dual-mode
heterodyne reception with receiver and radar modes at the input frequency band
24-40 GHz and output IF-signal of 7-8 GHz. The two transmitters implement a
2-element beam-former with homodyne transmission and class-D amplification at
16-33 GHz. The LO-signal is distributed to the receiver and transmitters with
wideband phase-tuning by a mixed signal delay tuning approach.

In this thesis, the focus is on the design of the first stages of the receiver, the single-
to-differential-transformer and low-noise amplifier (LNA). With the transformer
design, losses were essential to minimize due to the direct contribution to the total
noise figure (NF). In this case, strongest coupling and consequently lowest losses were
achieved with a stacked structure. The LNA was required to provide simultaneously
wideband input matching, gain response, and low noise figure with an addition of
sufficient linearity. Flexible biasing was also implemented with an IDAC, so the LNA
could be turned off in the radar mode by setting the bias current to zero.

Low NF was achieved with a gm-boosted common gate (CG)-structure by ca-
pacitive cross-coupling (CC). According to the post-layout simulations with the
transformer and LNA, NF of 6.4-9.1 dB was achieved at 24-40 GHz. The input
matching frequency range and bandwidth are dominated by the reactive elements
at the LNA input, and with CC-CG topology S11 < -7 dB at 24-40 GHz. The
wideband gain response with gain of 7.1-15.4 dB was realized with a shunt-peaked
load. Additionally, the LNA offers low DC-power consumption of 4.5 mW and
sufficient linearity with IIP3 and ICP of 1.0 dBm and -8 dBm, respectively. Digitally
configurable bias current enables adjustable performance, so trade-offs between S11,
gain, and NF can be accomplished.
Keywords Low-Noise Amplifier, LNA, wideband, mmw, MMIC
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Tiivistelmä
Viime vuosien aikana on esitelty monia teknisiä edistyksiä kommunikaatiosysteemei-
hin viidennen sukupolven kommunikaatioverkon mukana. Merkittävimpiä trendejä
integroitujen lähetin-vastaanottimien kannalta ovat korkeampien taajuuksien käyt-
töönotto, 24.24-43.5 GHz äskettäin julkaistun 5G NR standardin mukaan FR2:lle,
radiopohjaisten havaintosysteemien sisällyttäminen, ja CMOS teknologian käyttö.
Tutkimusryhmämme on vastannut näihin haasteisiin suunnittelemalla ja implemen-
toimalla 5G NR FR2:lla toimivan integroidun lähetin-vastaanottimen edistyneellä
22-nm CMOS teknologialla. Vastaanotin tarjoaa kaksois-tila heterodynevastaanottoa
vastaanotin- ja tutkatilalla sisääntulotaajuuskaistalla 24-40 GHz ja ulostuloväli-
taajuuksilla 7-8 GHz. Kaksi lähetintä toteuttavat kaksielementtisen keilanmuodos-
tuksen homodynelähetyksellä ja D-luokan vahvistuksella taajuuksilla 16-33 GHz.
Paikallisoskillaattorisignaalin jakoketju tarjoaa laajakaistaista vaihesäätöä ja pulssin
generoimista.

Tässä työssä keskitytään vastaanottimen ensimmäisten lohkojen, muuntajan ja
matala-kohinaisen vahvistimen, suunnitteluun. Muuntaja tarvitaan yksipuolisen tu-
losignaalin muuntamiseksi differentiaaliseksi, ja suunnittelun kannalta tärkeintä oli
minimoida häviöt. Tässä tapauksessa vahvin kytkeytyminen ja seurauksena matalim-
mat häviöt saavutettiin päällekkäin asetetuilla ensiö- ja toisiopuolella. Vahvistimen
täytyy toteuttaa samanaikaisesti laajakaistainen sisääntulosovitus, vahvistusvaste, ja
matala kohinakerroin, kuten myös riittävä lineaarisuus. Säädettävä biasointi toteu-
tettiin digitaalisella virransäädöllä, jotta vahvistin voidaan sammuttaa tutkatilassa.

Matala kohinakerroin saavutettiin yhteisporttivahvistimen siirtokonduktanssin
kasvattamisella kapasitiivisesti ristiinkytketyllä rakenteella. Muuntajan ja vahvisti-
men simulaatiotulosten mukaan kohinakerroin on 6.4-9.1 dB taajuuskaistalla 24-40
GHz. Sisääntulosovituksen taajuuskaistaa ja -leveyttä dominoivat reaktiiviset elemen-
tit vahvistimen sisääntulossa, ja vahvistimen kapasitiivisesti ristiinkytketyn rakenteen
avulla saavutettiin S11 < -7 dB. Laajakaistainen vahvistusvaste 7.1-15.4 dB:n vah-
vistuksella toteutettiin kaistanleveyttä kasvattavalla kuormalla, jossa kela ja vastus
on kytkettynä sarjaan. Lisäksi vahvistimen tehonkulutus on 4.5 mW, ja lineaarisuus
on tyydyttävä 1.0 dBm IIP3:lla ja -8 dBm 1-dB kompressiopisteellä. Digitaalisesti
säädettävä biasointi mahdollistaa mukautettavan suorituskyvyn, eli vaihtokauppa on
mahdollista S11, vahvistuksen, ja kohinakertoimen välillä.
Avainsanat Matala-kohinainen vahvistin, LNA, laajakaista, millimetriaalto, MMIC
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Symbols and Abbreviations

Symbols

A inverting gain
Av voltage gain
C capacitance
CB inductor parasitic capacitance
Cb center tap capacitor
Cc cross-coupling capacitor
Cgd gate-to-drain capacitance
Cgs gate-to-source capacitance
CL load capacitance
Cp parasitic capacitance
Cpad pad-capacitance
CS shunt capacitance
F noise factor
Fi noise factor of one stage
fmax maximum frequency
Fmin minimum noise factor
fSR self-resonance frequency
Ftot total noise factor
G gain
G0 transistor gain
gd0 transistor output conductance at zero drain-to-source bias
GL output matching network gain
gm transconductance
gmb transistor substrate transconductance
Gm,eff effective transconductance
Gp power gain
GS input matching network gain
GS real part of the generator admittance
Gt transducer gain
Gt,max maximum transducer gain
ID drain current
Iin input current
Iout output current
K Rollett stability factor
k coupling coefficient
L inductance
Lg gate inductance
LL load inductance
Lp primary side inductance
Ls source inductance
Ls,m secondary negative side inductance
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Ls,p secondary positive side inductance
Ls,T F total secondary side inductance
M mutual inductance
Mi transistor
Mm negative side mutual inductance
Mp positive side mutual inductance
PDC DC-power consumption
Pnoise noise power
Pin input power
Pout output power
Pout,IMD2 second order intermodulation product output power
Pout,IMD3 third order intermodulation product output power
Psignal signal power
Q quality factor
RL load resistance
Rn equivalent noise resistance
ro transistor output resistance
Rp parasitic resistance
RS source resistance
s Laplace variable
S11 input matching
S12 reverse isolation
S21 forward gain
S22 output matching
SNRin input signal-to-noise-ratio
SNRout output signal-to-noise-ratio
VDD supply voltage
Vgs gate-to-source voltage
Vin input voltage
VON/OF F ON/OFF state control voltage
Vout output voltage
VSS ground
Yopt optimum generator admittance
YS generator admittance
Z impedance
Z0 reference impedance
Zin input impedance
Zin+Ls input impedance seen from input transistor source
Zin,LNA LNA input impedance
Zin,tot total input impedance
ZL load impedance
α ratio of gm to gd0
γ transistor channel thermal noise coefficient
µ stability factor on ρL-plane
µ′ stability factor on ρS-plane
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ρin input reflection coefficient
ρout output reflection coefficient
ρS source reflection coefficient
ρL load reflection coefficient
χ ratio of gmb to gm

ω angular frequency
∆P difference between the fundamental signal and intermodulation

product powers
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Abbreviations

5G fifth generation
CC-CG cross-coupled common gate
CG common gate
CG-CS common-gate common-source
CMOS complementary metal oxide semiconductor
CS common source
D transistor drain
DC direct current
DL downlink
EM electromagnetic
ESD electrostatic discharge
F noise factor
FD-SOI fully depleted silicon on insulator
FR2 frequency range 2
G transistor gate
IC integrated circuit
ICP 1-dB compression point
IDAC current digital-to-analog-converter
IDCS inductively degenerated common source
IF intermediate frequency
IF OUT intermediate frequency signal output
IIP2 input-referred second-order intercept point
IIP3 input-referred third-order intercept point
Imag imaginary part
INM negative input
INP positive input
LNA low-noise amplifier
LO local oscillator
LO IN local oscillator signal input
mmw millimeter wave
MOS metal oxide semiconductor
NF noise figure
NR new radio
OUTM negative output
OUTP positive output
Q-factor quality-factor
Re real part
RF radio frequency
RF IN radio frequency signal input
RX receiver
S transistor source
SNR signal-to-noise-ratio
TDD time division duplex
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TX transmitter
UL uplink
UWB ultra-wideband



1 Introduction
Wireless communication systems have been evolving to new fifth generation (5G)
systems in the recent years. One major technical advance is an adoption of higher
frequencies, and the recently published 5G New Radio standard defines a frequency
range from 24.25 GHz to 43.5 GHz known as 5G New Radio Frequency Range 2 (5G
NR FR2) with band numbers n257-n261 [1]. The second trend in end-user terminals
is incorporation of radio-based sensing systems, such as short-range radars. The
third trend is extensive utilization of CMOS technology at both centimeter-wave
(3-30 GHz) and millimeter-wave (mmw) (30-300 GHz) bands. This trend is a direct
continuum from the past decades with RF-frequencies (1-6 GHz): A radio transceiver
will be implemented with a CMOS technology if possible [2]. CMOS technology can
offer superior co-integration of radio-frequency, analog baseband, and digital signal
processing units.

Our research group is solving these challenges in a research project "RF conver-
gence: multi-functional array transceivers for future communications and sensing"
funded by Business Finland. As a part of that research we have designed and im-
plemented an integrated transceiver with an advanced 22-nm CMOS technology
operating at 5G NR FR2 bands, which architecture Fig. 1 presents. The receiver
at top provides dual-mode heterodyne reception for a receiver and radar at input
frequency band of 24-40 GHz and output intermediate frequencies (IF) 7-8 GHz. The
two transmitters implement a 2-element beam-former with homodyne transmission
and class-D amplification at 16-33 GHz. The local oscillator (LO) -signal is distributed
to the receiver and transmitters by the LO-chain with wideband phase-tuning by a
mixed signal delay tuning approach.

The chip containing the transceiver was finalized and fabricated. Fig. 2a shows
the complete chip layout with labeled pads, and Fig. 2b presents a photo of the
fabricated chip. The receiver is placed at top, and the single-to-differential-transformer

Figure 1: Transceiver architecture
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(a) (b)

Figure 2: (a) Chip layout. (b) Chip photo.

connected to the input mmw-pads is visible at the top left corner. The transformer
for the LO-signal is located at the bottom left corner, and the two transmitters are
placed below the receiver chain.

The receiver chain consists of a single-to-differential-transformer, LNA, mixer,
and IF-amplifier. The receiver can operate as a radar in addition to a typical radio
receiver, although the requirements for the radar performance are different. In the
radar mode, linearity is more crucial than gain or noise performance to prevent gain
compression due to leaked signal power from the transmitters. Hence, the receiver
chain structure transforms in the radar mode by turning off the LNA and bypassing
it with the on-turned switches to fulfill the demands.

This thesis, as a part of that development work, focuses on the design of a single-
to-differential-transformer and low-noise amplifier (LNA) for the above mentioned
receiver. The transformer and LNA are the first two stages of the receiver, which
sets strict requirements for their performance. The LNA must operate at a wide
frequency band, 24-40 GHz. Achieving simultaneously wideband input impedance
matching, gain response, and low noise figure is nontrivial, and demands careful and
sophisticated design. In addition, the LNA must be turned off in the radar mode.
Therefore, flexible and configurable biasing is required, which is implemented with
digital current control in this case.

In order to achieve the above mentioned targets for the LNA, a gm-boosted
CG-structure by capacitive cross-coupling was utilized [3]. Noise figure of the LNA
is decreased by increasing the effective transconductance of the input stage with
an inverting gain defined by the input transistor gate-to-source-capacitance and
the cross-coupling capacitor [4]. Input impedance is then dominated by the LNA
input stage transconductance, source inductors, input node capacitance, and the
transformer. With the CC-CG-structure, wideband input matching is achieved. The
input matching frequency band was tuned with mostly the transformer and source
inductors, and the transconductance value was selected with trade-offs between S11,
gain, and NF. In addition, wideband gain response was obtained with a shunt-peaked
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load consisting of a load inductor, resistor, and capacitance created by the input
transistor of the following stage. However, the load inductor parasitics affect the
load impedance and consequently the gain response significantly. The parasitic
capacitance modelled as a parallel capacitor with the inductance alters the load
topology to a bridged-shunt-peaked structure. [4]

Careful layout drawing was also demanded with the transformer and LNA. Par-
asitic effects become significant as the frequencies increase, for example coupling
between the source and drain connections changes the transistor impedance. Cou-
pling was minimized in this case by drawing the connections at the source and drain
on lower metal layers, and ascending to higher layers outside the transistor. Layout
parasitics have also a prominent effect on integrated inductors, and they are typically
of poor quality due to the planar structure and absence of magnetic core materials
[5][6]. Therefore, optimization of the quality factor at the operational frequency
band is necessary, especially with the designed LNA since the inductors are essential
components in the input matching circuit and load.

LNA design consists of several different definitions and phases which must be
taken into account. Section 2 determines the essential theoretical aspects considering
LNAs. Basic amplifier structures are also introduced with the elementary LNA
topologies. More sophisticated LNA categories, noise cancelling and mmw-LNAs, are
studied too. Section 3 analyzes the design of the transformer and LNA in detail. The
transformer design focuses on the layout parasitics and their effect on the performance.
The major LNA design considerations, such as noise factor, input matching, and
load are divided to separate chapters for rigorous analysis. Layout effects of the LNA
are also studied, especially inductor non-idealities and relevant parasitic phenomena
at mmw-frequencies.

A fundamental part of IC-design is thorough verification of the circuit operation.
Section 4 presents and analyzes the transformer and LNA simulation results, and
proves achievements of the main design targets. The pre- and post-layout, and
different process corner results are compared with discussions about reasons for their
differences. Simulations with different process corners demonstrates sensitivity of
the LNA operation to process variations, and thus evaluates the operation reliability.
Section 5 introduces the fundamental principles of the receiver operation with the
both receiver and radar mode simulation results. The results propose succession of
designing a functional receiver.

Table 3: 5G NR operating bands in FR2 [1]

Operating band

Uplink (UL) operating band
BS receive

UE transmit
FUL,low - FUL,high

Downlink (DL) operating band
BS transmit
UE receive

FDL,low - FDL,high

Duplex mode

n257 26500 MHz - 29500 MHz 26500 MHz - 29500 MHz TDD
n258 24250 MHz - 27500 MHz 24250 MHz - 27500 MHz TDD
n259 39500 MHz - 43500 MHz 39500 MHz - 43500 MHz TDD
n260 37000 MHz - 40000 MHz 37000 MHz - 40000 MHz TDD
n261 27500 MHz - 28350 MHz 27500 MHz - 28350 MHz TDD
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2 Basic Concepts for Low-Noise Amplifiers
In an integrated radio receiver, LNA is often the first on-chip stage in the chain.
Hence, several tight requirements determine the design process such that various
performance parameters must be optimized simultaneously. As the first on-chip
stage, the LNA input impedance should typically be matched to the reference source
impedance. For optimal performance, gain of the LNA should be maximized, and
the noise minimized. Meanwhile, linearity of the LNA must be sufficient in order
to avoid gain compression due to high input signal or interferer power. In addition,
stable operation is required in order to avoid oscillations. These features are bounded
to each other as will be explained later on, and the designer’s task is to find an
appropriate solution.

Multiple design parameters exist for measuring the performance of an amplifier.
Usually, the necessary metrics are gain, reflection coefficients, noise figure, stability,
1-dB gain compression point, and input-referred third-order intercept point. The
aim of this chapter is to provide sufficient background regarding these metrics and
concepts for reader to follow the later chapters.

2.1 Design Parameters
Traditional microwave engineering methodologies can be used with integrated am-
plifier design when the IC size and wavelengths of the operational frequencies are
in the same vicinity. Hence, an amplifier can be depicted as a two-port network
with matching circuits at the input and output. Fig. 3 shows a general structure
of a two-port amplifier. The reference impedance Z0 is traditionally 50 Ω, and the
scattering parameters are defined with respect to it.

S11, S12, S21 and S22 are the scattering parameters of the amplifier, and ρS and
ρL are the reflection coefficients looking towards the source and load impedance,
respectively. The reflection coefficients to the input and output ports of the transistor
can be solved with:

ρin = S11 + S12S21ρL

1 − S22ρL

(1)

ρout = S22 + S12S21ρS

1 − S11ρS

(2)

Z0

Z0

Transistor

Matching

circuit

Matching

circuit

S11   S12

S21   S22

�S �in �out �L

Figure 3: An amplifier as a two-port network.
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If the amplifier is unilateral (S12 = 0), then ρin = S11 and ρout = S22.

2.1.1 Gain

Gain of the two-port network can be defined in several different ways. For transistor
amplifiers, useful definitions are the transducer gain Gt, and the power gain Gp.

The transducer gain Gt is defined as the ratio of the power dissipated in the load
to the available source power. Gt can be solved with the scattering parameters and
reflection coefficients of the two-port network:

Gt = 1 − |ρS|2

|1 − ρinρS|2
|S21|2

1 − |ρL|2

|1 − S22ρL|2
= 1 − |ρS|2

|1 − S11ρS|2
|S21|2

1 − |ρL|2

|1 − ρoutρL|2
, (3)

which can be separated to factors

GS = 1 − |ρS|2

|1 − ρinρS|2
(4)

G0 = |S21|2 (5)

GL = 1 − |ρL|2

|1 − S22ρL|2
, (6)

where GS is the input matching circuit gain, G0 the transistor gain, and GL the
output matching circuit gain. [7]

The maximum transducer gain Gt,max can be achieved when both input and
output impedances of the amplifier are matched, and the amplifier is unconditionally
stable. Gt,max can be determined as:

Gt,max = |S21|
|S12|

(K −
√

K2 − 1), (7)

where K and ∆ define the amplifier stability:

K = 1 − |S11|2 − |S22|2 + |∆|2

2|S12S21|
(8)

∆ = S11S22 − S12S21 (9)

If K < 1, the amplifier is unstable, and Gt,max is undefined. [7]
The power gain Gp determines the ratio of the power dissipated in the load to

the input power. Gp can be defined as:

Gp = 1
1 − |ρin|2

|S21|2
1 − |ρL|2

|1 − S22ρL|2
(10)
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Gp is independent of the source impedance, so it can be maximized by matching the
output impedance. [7]

However, if the LNA output impedance is not matched, as is often the case with
integrated receivers, measuring Gt and Gp may be unpractical. In this case, the
voltage gain Av defined as the ratio of the output and input voltages is a useful
metric:

Av = Vout

Vin

= IoutZL

Vin

, (11)

where Vout is the output voltage, Vin the input voltage, Iout the output current, and
ZL the load impedance. Av provides sufficient information of the LNA performance
in an integrated radio receiver, since the signal is typically processed in the voltage
domain.

2.1.2 Impedance Matching

Impedance matching is required for two reasons. Firstly, discrete components and
cables are defined for a certain nominal impedance, and if there is an impedance
mismatch at the interface, then the predefined device characteristics are invalid.
Secondly, impedance mismatch causes power loss due to signal reflections. Generally,
signal reflections can occur, if the signal travels in the transmission line between
the source and load a larger distance than a quarter of the signal wavelength. A
part of the signal power reflects from the load, and travels back to the source if
the load impedance deviates from the source impedance. If the load impedance is
matched to the source impedance, the maximum signal power is delivered to the load.
Traditionally, the reference source impedance is 50 Ω. The characteristic impedance
of the transmission line must be matched as well.

If S12 = 0, the reflection coefficients ρin and ρout for a two-port amplifier can be
defined as:

ρin = Zin − Z0

Zin + Z0
(12)

ρout = Zout − Z0

Zout + Z0
(13)

where Zin is the input impedance of the amplifier, Zout the output impedance, and Z0
the reference impedance. The reflection coefficients are minimized, when Zin = Z0
and Zout = Z0.

With integrated circuits, typically the first on-chip stage provides input matching.
Distances between different stages on the chip are often so small, that matching
between them is unnecessary.

2.1.3 Noise Figure

The noise performance is essential to take into account, since it limits the weakest
detectable signal. Especially with low-noise amplifiers, minimizing the noise added
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by the circuit is crucial due to the dominant effect on the total noise figure of the
receiver chain.

A useful measure for the noise level of a circuit is the signal-to-noise-ratio, which
is defined as the ratio of the signal and noise power:

SNR = Psignal

Pnoise

(14)

The noise factor determines degradation of the signal-to-noise-ratio when the
signal travels through a circuit. The noise factor is defined as:

F = SNRin

SNRout

, (15)

where SNRin is the signal-to-noise-ratio at the input, and SNRout is the signal-to-
noise-ratio at the output.

An amplifier noise factor can also be expressed with the reflection coefficients,
if the amplifier is considered as a two-port. The noise factor of a two-port can be
presented as [7]:

F = Fmin + Rn

GS

|YS − Yopt|2 = Fmin + 4Rn

Z0

|ρS − ρopt|2

(1 − |ρS|2)|1 + ρopt|2
(16)

where Fmin is the minimum noise factor, Rn the equivalent noise resistance, YS the
generator admittance GS + jBS, and Yopt the optimum generator admittance when
the noise factor is minimum. The reflection coefficient for Yopt is then denoted with
ρopt.

The noise factor is often expressed in decibels, and it is then called noise figure:

NF = 10 log10 F (17)

In the case of a receiver chain, the total noise figure consists of different stages.
Effect of the stages to the total noise figure are defined by their noise performance
and gain. The total noise factor of stages connected in series is defined as [8]:

Ftot = F1 + F2 − 1
G1

+ F3 − 1
G1G2

+ ..., (18)

where Fi and Gi are the noise factor and gain of the same stage. From the equation
can be noticed the importance of the first stage, so noise of the first stage should be
minimized and gain maximized. Later stages in the chain have a smaller impact to
the noise factor, if G1 is sufficiently large, so their noise performance is less crucial.
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2.1.4 Stability

At mmw-frequencies, stability of an amplifier becomes crucial to consider. For
example, impedances of capacitors decrease as the frequency increases, and therefore
probability of instability rises. Stability determines if the amplifier is prone to
oscillations. The amplifier might oscillate, if the real part of the input or output
impedance is negative. If the input impedance has a negative real part, |ρin| > 1, and
if the output impedance has a negative real part, |ρout| > 1. The amplifier is required
to be unconditionally stable, so that no oscillations can disturb the operation.

Different parameters have been derived for determining stability of an amplifier.
Eq. 8, the Rollett stability factor, is used to define the maximum transducer gain.
If K > 1 and ∆ < 1, the amplifier is considered to be unconditionally stable. An
alternative parameter for determining stability is µ, which defines the minimum
distance of the unstable region from the Smith chart center point on ρL-plane:

µ = 1 − |S11|2

|S22 − S∗
11∆| + |S21S12|

(19)

Correspondingly, µ′ tells the minimum distance on ρS-plane:

µ′ = 1 − |S22|2

|S11 − S∗
22∆| + |S21S12|

(20)

If both µ > 1 and µ′ > 1, the amplifier is unconditionally stable.
However, with integrated radio receivers the LNA output is seldom matched to

the input impedance of the following stage. Then measuring µ, µ′ or K may be
difficult, so stability must be checked in an alternative way. One sufficient way of
ensuring stability is having a positive real part of the input impedance [8]. Another
convenient test is to add a pulse to the LNA input and study the output. If the
oscillation at the output dampens almost immediately, the LNA is stable. If the
oscillation dampens slowly, the LNA is potentially unstable.

2.1.5 Linearity

Linearity of an amplifier defines tolerance of large signals, and therefore the upper
limit for the input signal power. Typical linearity measurements for amplifiers are
the 1-dB input compression point (ICP), the input-referred second- (IIP2), and
third-order intercept point (IIP3). Operation of a real amplifier is not completely
linear, so gain decreases if the input power is large enough. ICP defines the input
signal power when the amplifier gain compresses 1 dB.

IIP2 and IIP3 are measured by adding two equally strong signals close to each
other to the receiver input, and measuring the input power of the signals when the
powers of the fundamental signal and intermodulation product at the output are
equal. The intermodulation products are a result of non-linearity of the components.
As the power of the two input signals increases, the power of the intermodulation
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Figure 4: IIP2 and IIP3 illustrated graphically.

product at the output rises faster than the linear product. Fig. 4 presents this
graphically.

The second-order intermodulation products of the two test signals are located at
the frequencies |ω1 ± ω2|. The third-order intermodulation products appear at the
frequencies 2ω1 − ω2 and 2ω2 − ω1. [9]

IIP2 can be calculated from:

IIP2 = Pin + ∆P = Pin + (Pout − Pout,IMD2), (21)

where Pin is the input power (dBm), Pout is the output power of the wanted signal
and Pout,IMD2 is the output power of the second-order intermodulation product.

And IIP3 can be computed with:

IIP3 = Pin + ∆P

2 = Pin + Pout − Pout,IMD3

2 , (22)

where Pout,IMD3 is the power of the third-order intermodulation product at the
output.

The total IIP3 of stages in series can be approximated with:

1
IIP3tot

≈ 1
IIP31

+ G1

IIP32
+ G1G2

IIP33
+ ... (23)

Later stages in a chain have a more significant impact to the total IIP3 than the
first stages. However, the first stages in a receiver must offer sufficient linearity to
tolerate strong blockers.

These input-referred intercept points are nonexistent in reality, since they are
often higher than the 1-dB compression point, so gain of the circuit compresses before
the intercept points are reached. However, intermodulation limits the dynamic range
of the circuit, so the calculated compression points are often used to describe and
compare the circuit performance.
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Figure 5: Basic amplifier topologies: (a) Common source, (b) common gate, and (c)
cascode.

2.2 Basic LNA Topologies
Several amplifier topologies have been developed for various applications. Each offer
their own advantages and disadvantages, and the suitable topology should be selected
by considering the desired performance. The fundamental amplifier topologies are
the common source (CS), common gate (CG), and cascode presented in Fig. 5a, 5b,
and 5c, respectively. The topologies can be combined differently by having separate
stages in the amplifier, so the characteristics of different topologies can be exploited
efficiently.

2.2.1 Common Source

The CS-amplifier is one of the most common amplifier topologies. Especially, an
inductively degenerated CS (IDCS)-amplifier visible in Fig. 6b is often adopted to
narrowband applications due to superior noise and linearity performance.

Fig. 5a shows a basic CS-amplifier with a load impedance ZL. Generally, the
CS-amplifier can offer moderate gain and linearity, and low noise figure. However, at
high frequencies the CS-amplifier performance can be insufficient due to the parasitic
drain-to-gate capacitance Cgd. It appears as a large shunt capacitor at the input
due to the Miller effect, so Cgd degrades the gain bandwidth [10]. Additionally,
feedback from the output to the input through Cgd deteriorates reverse isolation of
the amplifier, which consequently degrades stability and enables the impedance at
one port to affects the other. If impedance matching circuit alters the impedance at
the other port, impedance matching becomes more difficult.

The CS-amplifier performance can be improved with source degeneration. Several
features, such as linearity and stability, can be improved by adding impedance at
the transistor source. Fig. 6a presents a CS-amplifier with degenerated source as an
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Figure 6: (a) Source degeneration with Zs. (b) Inductively degenerated CS-amplifier.

example.
Generally, the impedance Zs introduces negative feedback, which reduces variance

of the drain current ID [10]. Negative feedback reduces distortion in the circuit in
general [11], and source degeneration improves IIP3 of the amplifier [12].

However, implementation of Zs should be carefully considered. If a resistor
is utilized, noise performance of the amplifier can suffer. Therefore, a reactive
component is an appropriate option. With LNAs, inductive degeneration is a popular
choice [13][14][15][16][17]. It can provide superior linearity improvement compared to
resistive degeneration with the same bias current [18]. In addition, input impedance
of the amplifier can be modified with the source inductor.

The IDCS-amplifier in Fig. 6b is a suitable and popular topology for narrowband
LNAs. It can offer superior noise performance and improved linearity compared
to a general CS-topology. Input matching is realized with the gate inductance Lg,
gate-to-source-capacitor Cgs, and source inductance Ls, and the input impedance
can be calculated by representing the transistor with Cgs and the transconductance
gm:

Zin = s(Lg + Ls) + 1
sCgs

+ gmLs

Cgs

(24)

At the input matching frequency when Imag(Zin) = 0, the real part of Zin is defined
by gmLs/Cgs. Consequently, the input matching circuit can be sensitive to the
parasitics if the gate-to-source parasitic capacitance Cgs is small. The reactive
components introduce zero additional noise to the circuit in an ideal case in contrast
to a matching resistor, although real inductors add noise due to the parasitic series
resistances. Noise figure can be further decreased with optimized noise matching.
However, at high frequencies the IDCS-amplifier noise performance can be inferior
because the IDCS noise factor tends to increase along the frequency [3].
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2.2.2 Common Gate

The CG-amplifier can be a beneficial topology with wideband and high frequency
applications due to the possibility of simple realization of wideband matching and
superior reverse isolation. However, the CG-amplifier often has inferior noise perfor-
mance compared to the CS-amplifier.

Fig. 5b presents a general configuration of the CG-amplifier with a load impedance
ZL. The CG-amplifier offers several advantages for high frequency operation, such
as the nonexistent Miller effect. In the CG-amplifier, the parasitic capacitances Cgd

and Cgs are connected to the ground. Hence, the topology averts an appearance of a
large shunt capacitor at the input, and the amplifier can offer a wide gain bandwidth.
Reverse isolation of the CG-amplifier is higher than with the CS-amplifier in absence
of the feedback through Cgs, so designing the input and output matching circuits
simplifies when neither affects the operation of the other. Additionally, high reverse
isolation improves stability of the amplifier.

Input matching can be accomplished by tuning the transistor transconductance
gm so that Zin = 1/gm [19]. Generally, the input impedance Zin = Z0 = 50 Ω,
but in practice the input impedance Zin includes other elements as well, such as
pad capacitance and bond wire inductance. Fig. 7a presents an example where
the inductor Ls is connected to the transistor source to provide DC-ground. The
capacitor Cs at the source can be realized only with the parasitic capacitances at
the node, or an additional capacitor can be placed there. Now Zin becomes

Zin = sLs

1 + sLsgm + s2LsCs

(25)

When Ls and Cs resonate, the input impedance Zin = 1/gm. Additional reactive
elements included in Zin limit the input matching bandwidth. [12]

However, drawbacks of the CG-amplifier are higher noise figure and lower gain
compared to the CS-amplifier. The lowest achievable noise figure of the CG-amplifier
is approximately 3 dB [13]. Although, noise figure of the CS-amplifier increases along
frequency, whereas noise figure of the CG-amplifier is approximately constant [20].
Gain of the CG-amplifier is generally low due to the limited value of gm, since it
realizes input matching of the LNA.

2.2.3 Cascode

The cascode amplifier can provide superior performance at high frequencies by
combining the advantages of the CS- and CG-topologies. High gain and wide gain
bandwidth can be achieved with the cost of a slightly increased noise figure.

Fig. 5c presents a general cascode amplifier topology. The cascode transistor
improves gain and widens the gain bandwidth of the amplifier by reducing the
Miller effect of the input transistor. In addition, the cascode transistor reduces the
feedback from the output to input and thus increases reverse isolation. Therefore,
the cascode amplifier can provide sufficient stability and possibility to optimize the
input and output matching circuits separately. However, the cascode transistor
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Figure 7: (a) CG-amplifier with a source inductor Ls (b) A cascode amplifier with a
parasitic capacitance Cpar

introduces an additional noise source to the circuit, which increases the noise figure
[21]. Additionally, with extremely low supply voltages biasing the cascoded transistors
to saturation can be challenging.

Especially at high frequencies, a parasitic capacitance between the cascoded
transistors is a known design challenge with cascode amplifiers [22][23][24]. Fig. 7b
shows a cascode amplifier with the parasitic capacitance Cpar. The capacitance Cpar

decreases the amplifier gain, hence mitigating its effect is necessary. The conventional
methods are either minimizing it with careful layout drawing or resonating it out
with a series or parallel inductance [25][26][27]. The resonator circuit size varies with
the demanded inductance value, so the circuit size can be large. Hence, if small die
area is a major target, minimizing Cpar could be a more valid option.

2.3 Advanced LNA Topologies
Various sophisticated LNA-topologies have been developed to fulfill extensive re-
quirements which the generic topologies fail to meet. The most relevant topologies
considering this work include noise cancelling and mmw-LNA-structures introduced
in this section, and gm-boosting cross-coupled common-gate (CC-CG) analyzed in
Section 3.

2.3.1 Noise Cancelling Topologies

Wideband LNAs providing low noise figure at the entire frequency band are chal-
lenging to implement. The technique of noise cancelling can provide sufficient noise
performance and improved linearity at a wide frequency band without compromising
the gain. Generally, in a noise cancelling amplifier illustrated in Fig. 8 a matching
stage and voltage-sensing stage turn the phases of noise and the signal so that a
combining circuit can add noise destructively and the signal constructively. Wide-
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band matching and noise cancellation can be performed simultaneously, and noise
contribution of the matching stage is canceled. [28]

Noise cancelling LNAs have been extensively analyzed. The noise cancelling
method can be implemented with negative feedback [28][29], which can cancel thermal
noise and harmonic distortion caused by the input transistors. [30] presents one
utilizing a shunt feedback resistor for input matching, and noise and signal sensing of
the input transistor. Total noise figure of the circuit is analyzed with a conclusion of
improved noise performance due to reduced noise contribution of the input transistor.

A popular noise cancelling topology is common-gate common-source (CG-CS) [28],
which Fig. 9 presents. It consists of a matching CG- and voltage-sensing CS-stage,
which provide a common-mode noise and differential signals, which can be combined
by a differential amplifier so that noise of the matching CG-stage is canceled and
the signal components added. Different variations have been proposed achieving
high linearity with IIP3 of 10.5 dBm [31], and noise figure < 4 dB [32]. Additionally,
[33] presents a CG-CS LNA with current-reuse achieving sufficient performance over
a wide frequency band, and [34] analyzes CG-CS structure improved with a local
negative feedback.

The noise cancelling method has been combined with gm-boosting as well for
relieving the limitations set by the input transistor gm, which is fixed by the input
matching impedance. An ultra-wideband (UWB) LNA with simultaneous gm-boosting
with a CS-stage and noise cancellation is explored in [32] and [35]. Capacitive cross-
coupling push-pull structure can also be successfully utilized for gm-boosting with
partial noise cancellation, which [36] demonstrates. [37] utilizes also cross-coupling
with two-fold noise cancellation technique for reducing channel thermal noise of the
input stage.

2.3.2 MMW-LNAs

Recently, exploitation of mmw-frequencies has grown more popular. Frequencies
below 100 GHz have been utilized for instance in automotive radars, but research
has also been aiming for higher frequencies such as the atmospheric windows at 140
GHz and 220 GHz. At mmw-frequencies, the received signal power is typically low,
and therefore the LNA is a necessary stage in the receivers.

Usual topologies for mmw-LNAs have been CS-amplifiers, since they can provide
low noise figure. Cascode amplifier has been another commonly implemented topology
due to their high reverse isolation. In addition to MOSFETs, bipolar transistors are
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often utilized with mmw-LNAs since they can achieve high fmax [38].
Common design challenges with mmw-LNAs are the required die area, gain

provided by the transistors, and power consumption. Mmw-LNAs typically occupy
a large die area, which complicates the design of complex systems. For example,
wavelengths at mmw-frequencies are small enough to require impedance matching
between the stages. As a consequence, maximum power transfer between stages
can be ensured, but the die area increases due to the additional matching circuits.
Additionally, transistors operating near fmax provide low gain, so amplifiers often need
several stages to achieve sufficient performance. Consequently, power consumption
increases due to the needed bias currents.

Traditional RFIC- and microwave circuit design techniques can be exploited
with the mmw-LNA design. Transmission lines can be utilized for circuit design,
for example slow-wave coplanar waveguides as the matching circuits. [39] with a
D-band (110-170 GHz) four-stage CS-amplifier demonstrates the above mentioned
methods. The LNA was designed by utilizing microwave circuit design methods
of defining source stability, noise, and available gain circles on the Smith chart.
Hence, the matching circuits can be designed accordingly. Similarly, [40] presents a
five-stage bipolar transistor CE-amplifier for W-band (75-110 GHz) implemented with
slow-wave coplanar waveguides as well. Input matching is designed by determining
the reflection coefficient at the input for optimum noise performance.

Wideband operation can be achieved by optimizing the input and output matching
circuits and designing the loads of the stages for different resonant frequencies as in
[41]. The work proposes a W-band three-stage CS-amplifier with T-type matching
networks at the input and output and resonant circuit loads tuned for the lower
corner, center, and upper corner frequencies of the gain response for increasing the
bandwidth.

Cascode topology can offer sufficient performance for mmw-LNAs with higher
reverse isolation than CS/CE-amplifier. [42] and [43] present mmw-LNAs utilizing a
cascode structure with a gain boosting technique. Gain boosting can be achieved by
adding inductance at the cascode transistor gate/base to create positive feedback.
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However, stability of the amplifier can suffer due to degraded reverse isolation. An
additional design challenge with cascode amplifiers is the parasitic capacitance Cpar

between the cascoded transistors discussed in previous sections.



29

3 Design
The first and second stages of the designed receiver chain are a single-to-differential-
transformer and LNA operating at 24-40 GHz, respectively. Both the transformer and
LNA designs are described in the following sections by concentrating on connecting
the most important theoretical aspects and the design process. Section 3.1 describes
the transformer operation and design in detail by including the most significant design
considerations in Section 3.1.1. Section 3.2 introduces the utilized LNA topology by
focusing on noise in Section 3.2.1, input impedance in Section 3.2.2, gain response in
Section 3.2.3, and layout drawing in Section 3.3. The essential simulation results of
the transformer and LNA performance are saved for the following chapter.

3.1 Single-to-differential-transformer
The antenna receives a single-ended signal, but the receiver has a differential struc-
ture. Therefore, single-to-differential-transforming is required, and in this case it is
performed by a transformer at the LNA input. The transformer contributes especially
to the input impedance and noise figure, so careful optimization was essential.

The operation of a transformer is based on the phenomena specified by Ampère’s
and Faraday’s laws. According to Ampère’s law, an electric current creates a
magnetic field. Faraday’s law states that the time-varying magnetic flux generates
an electromotive force resisting change of the flux in a coil crossing the field. If
a time-varying current is fed to a coil and a second coil is placed close enough to
the first coil, magnetic coupling can occur. The two sides, primary and secondary,
have mutual inductance without a galvanic connection. Consequently, transformers
are generally implemented as two coils with the magnetic flux of the primary coil
crossing the secondary. [44]

Integrated inductors have several limitations, such as a typically large size com-
pared to other components, non-uniform field distribution due to generally utilized
planar structure, and limited operational frequency band caused by parasitic ca-
pacitances. An inductor is inductive until the self-resonance frequency when the
inductance resonates with the parasitic capacitances, but at higher frequencies the
parasitic capacitances dominate the impedance. These factors must be taken into
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Figure 11: Layout of the single-to-differential-transformer.

account while designing an integrated transformer. [5]

3.1.1 Design Considerations

With integrated circuits, a MOS-transistor gate requires ESD-protection which is
usually implemented as a large diode. However, the parasitic capacitance created by
the diode is too large at mmw-frequencies, so a method for eliminating the requirement
for an ESD-protection diode is needed. The single-to-differential-transformer as the
first on-chip stage is a commonly used technique, which is utilized in this case as
well.

An ideal transformer has zero losses, no self-resonance frequency, or signal im-
balance. The performance of a real transformer differs significantly from the ideal
one due to layout parasitics, therefore careful design and considerations of trade-offs
are necessary. In this case, the essential transformer features are coupling and signal
imbalance.

Fig. 10 shows the transformer schematic with the primary side inductance Lp,
secondary side inductances Ls,p and Ls,m, and the center tap capacitor Cb. The
topmost metals were utilized to create the inductors Lp, Ls,p, and Ls,m, which were
sized to ensure operation at the LNA frequency band, 24-40 GHz. For Lp, inductance
is approximately 0.36 nH, and the total inductance for the secondary side is 0.39 nH.
Consequently, Ls,p = Ls,m = Ls/2 = 0.39 nH/2 = 0.195 nH. The transformer size
was large compared to other elements on the chip, so it had to be shaped correctly to
fit on the chip. Fig. 11 shows the layout of the finalized transformer. The light blue
metal is the topmost metal implementing Lp, and the purple metal is the second
topmost metal utilized for Ls,p−m.

Losses in the transformer were necessary to minimize, since they contribute
directly to the total noise figure. Losses could be minimized by ensuring strong
coupling between the primary and secondary side inductors. Strength of the magnetic
coupling can be determined with the coupling coefficient k, which is generally defined
by [44]:
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k = M√︂
LpLs

, (26)

where M is the mutual inductance between the sides, Lp inductance of the primary
side, and Ls inductance of the secondary side. In an ideal transformer, all magnetic
flux crosses the secondary coil such that |k| = 1. However, in practice the magnetic
flux never crosses the secondary coil entirely. Therefore, |k| ≤ 1.

The coupling coefficient k could be maximized by placing the sides as close to
each other as possible. The transformer frequency response was first studied by
implementing both sides as the topmost metal lines with as small distance between
them as possible. However, strongest coupling and lowest losses could be achieved
with a stacked structure, which typically offers k = 0.6-0.8 [5]. Hence, the primary side
inductor Lp is on the topmost metal and the secondary side inductors Ls,p and Ls,m on
the lower metal, under the primary side. However, the stacked configuration creates
parasitic capacitance between the primary and secondary sides, and if the lower metal
is thinner than the topmost metal, the winding quality factor can deteriorate [5].
Additionally, the metal lines implementing Lp, Ls,p, and Ls,m must be wide enough
to minimize the losses due to the parasitic resistance of the metal.

The effect of the transformer on the LNA performance was taken into account
since the beginning of the design process. The transformer affects significantly the
input impedance, so during input matching considering it was necessary. At first,
the transformer was modeled with ideal inductors with estimated inductance values
and coupling coefficient. The real transformer was designed by first simulating
the primary side Lp and calculating the inductance. Then the secondary side was
implemented, so the transformer frequency response could be simulated. The Lp and
Ls,p−m sizes were tuned to achieve optimum performance.

In addition to losses, the phase and magnitude errors of the differential output
signal had to be considered. The phase difference is ideally 180 degrees, but in practise
the phase difference has an error. The positive and negative signal magnitudes
are often unequal as well. First, methods for minimizing the errors caused by the
transformer are considered, and the effect of the LNA topology to the signal imbalance
and the resulting error at the LNA output are analyzed in the following chapters.
The phase error caused by the transformer was first studied without the center tap
capacitor Cb, so the secondary side had a virtual ground. However, the phase error
was too large, so Cb was added to the secondary side center. A sufficient value for
the capacitor Cb was determined to be about 1 pF to minimize the phase error at
the LNA frequency band. The most important factors limiting Cb capacitance and
size were the design rules and the available area between the mmw-pads and the
transformer. The magnitude error of the differential signal is caused by unequal
values of Ls,p and Ls,m, losses, and parasitic capacitances. The difference between
the positive and negative side magnitudes was minimized with symmetrical layout.
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Figure 12: (a) A CG-amplifier with gm-boosting. (b) A cross-coupled common-gate
amplifier.

3.2 LNA Design
A wide range of options for the LNA topology was in this case limited by the
required wide operational frequency band of 24-40 GHz. Especially implementing a
wideband input matching circuit and load is often challenging. The CG-structure
was an attractive option due to the possibility of wideband input matching, high
reverse isolation, and the nearly constant noise figure at different frequencies, as was
discussed in 2.2.2. However, the performance of a CG-amplifier is limited by the
required gm-value, since it defines input matching. Therefore, gm is mostly fixed, and
the gain and noise figure are limited. A technique was required for decreasing the
noise figure without increasing gm. A suitable choice was a gm-boosted CG-amplifier
due to the simple implementation with a differential structure. A technique of
gm-boosting is intended for increasing the effective transconductance Gm,eff of the
CG-amplifier although the intrinsic transconductance gm is fixed. Gm,eff is defined
as the transconductance seen at the transistor source. Generally, Gm,eff = gm, but
with gm-boosting Gm,eff ̸= gm can be achieved. [20]

In Fig. 12a the principle of gm-boosting is illustrated by adding the inverting gain
A between the CG-transistor source and gate [3] [20]. By gm-boosting technique, the
effective transconductance of the CG-stage Gm,eff could be increased to [12]

Gm,eff = (1 + A)gm (27)

Now gm can be defined as:

gm = 1
RS

1
1 + A

, (28)
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Figure 13: The designed capacitively cross-coupled common-gate LNA.

which indicates a smaller intrinsic gm value required for input matching compared
to a general CG-amplifier. Consequently, the CG-transistors demand less bias
current to achieve input matching, so the amplifier power consumption decreases.
For a differential structure, the inverting gain A can be implemented by capacitive
cross-coupling technique shown by Fig. 12b [45][3]. The cross-coupling capacitors
connecting the input transistor sources to the gates at the opposite sides realize the
inverting gain A. Noise added by the capacitors should be negligible because they
are reactive components.

With this configuration, A can be approximated as [4]

A = Cc

Cgs + Cc

, (29)

where Cc is the cross-coupling capacitor, and Cgs is the gate-to-source parasitic
capacitance of the input stage. With the designed LNA, Cgs ≈ 15 fF. Eq. 29 implies
that with capacitive cross-coupling, only A < 1 is possible [4]. In order to achieve A
> 1, a transformer-coupled technique can be utilized [46].

Due to the single-to-differential transformer at the LNA input, amplitude- and
phase-error are necessary to consider. The transformer causes in practise always
imbalance to the signal, so the differential input signal for the LNA has error. In
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Figure 14: (a) The inverting gain A vs. the coupling capacitance Cc. (b) NF vs the
cross-coupling capacitor Cc value.

the capacitively cross-coupled structure, the output signal imbalance depends on the
circuit component mismatches, and is independent of the imbalance caused by the
transformer at the input. Therefore, the transformer output signal imbalance can be
mitigated with the CC-CG-topology. [47][48]

Fig. 13 presents the designed LNA schematic with the transformer at the input
and biasing network. The cross-coupling capacitors Cc implement the inverting gain
A. The source inductors Ls provide DC-current path to ground, and together with
the transformer inductances Lp, Ls,p, and Ls,m, and input node capacitance define
the frequency band for input matching. The resistors RL and inductors LL create a
shunt-peaked load with the input capacitance of the following stage for a wideband
gain response. Cascode transistors M3 and M4 mitigate the Miller effect, which the
CC-CG structure suffers from in contrast to a generic CG-amplifier.

Biasing was also considered to ensure reliable and flexible operation. Tuning of
the biasing drain current must be possible to enable optimization of input matching
and performance trade-offs. With the designed LNA, digital current control with
a current digital-to-analog-converter (IDAC) is utilized for biasing. IDAC enables
fine-tuning of the bias current with control bits, and it was used in other receiver
stages as well.

3.2.1 Noise Factor of the LNA

The noise factor F of a general CG-amplifier is defined as [49]

F = 1 + γ

α

(︄
1

1 + χ

)︄2 1
gmRS

, (30)

where γ is the transistor channel thermal noise coefficient, α is defined as the ratio
of gm and the transistor output conductance with zero drain-to-source bias gd0, χ
is the ratio of the transistor substrate transconductance gmb and gm, and RS is
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Figure 15: (a) A small-signal equivalent circuit of a MOS-transistor. (b) An
approximated small-signal equivalent circuit of a MOS-transistor.

the source resistance. Eq. 30 indicates that F can be decreased by increasing the
intrinsic transconductance gm of the transistor, but the input matching condition of
a CG-amplifier sets a limit of RS = 1/gm.

If the LNA input is perfectly matched such that gm = 1/RS, and the effect of χ
is omitted, the noise factor becomes

F = 1 + γ

α
(31)

Although Eq. 30 and 31 neglect the noise contribution of the load, it can contribute
significantly to the noise figure, especially if a resistive load is utilized [50].

The limit set to the noise factor by fixed gm value is evident in Eq. 31. The limit
can be decreased if the effective transconductance Gm,eff is increased by gm-boosting.
By inserting Eq. 28 to Eq. 30 the new value for the minimum noise factor can be
determined:

F = 1 + γ

α

1
1 + A

, (32)

where the improvement due to the gm-boosting method is visible. The minimum noise
factor can be decreased by increasing the inverting gain A between the CG-stage
source and gate. Additionally, gm can also be increased with the cost of degrading
input matching. Typically, S11 < −10 dB is sufficient for integrated radio receivers,
which alleviates the limit of gm set by perfect input matching.

Fig. 14a shows A in Eq. 29 as the function of the cross-coupling capacitor Cc

value when Cgs = 15 fF. A increases rapidly along Cc, which indicates that a large
capacitor would be more suitable choice for Cc. However, the correct value of Cc

depends on input matching as well, since the resonant frequency of the capacitances
and inductances at the input node determine the input matching frequency band.

The effect of cross-coupling to the designed LNA performance can be explored
by simulating the noise figure with different Cc values. In this case, the single-to-
differential-transformer is an important element, so it is taken into account as a
schematic model. Losses of a real transformer add directly to the total noise figure,
as was discussed in Section 3.1. Fig. 14b presents the noise figure at 30 GHz as the
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Figure 16: Small-signal equivalent circuit of the CC-CG LNA.

function of Cc from 30 fF to 500 fF. NF decreases rapidly from 5.8 dB to about
4.7 dB as Cc increases, so by increasing the inverting gain A the noise figure can
be improved. With the designed LNA, the effect of Cc on NF was exploited by
maintaining the Cc capacitance above 400 fF while designing the input matching
circuit.

3.2.2 Input Impedance

The input matching network was demanded to provide wideband matching. A
traditional LC-resonator circuit at the input offers typically narrowband matching
at the resonant frequency. The impedance matching bandwidth can be widened by
connecting several resonator circuits at the input, but this method has limits for
the achievable bandwidth and return loss over the frequency band according to the
Bode-Fano criterion [51]. The resonator circuits would demand several inductors
and capacitors, which would result in a large die area. Additionally, integrated
inductors have typically low Q-values, so implementing the matching circuit with
several resonator circuits would be an inconvenient solution.

Input impedance of the designed LNA was matched to the traditional 50 Ω.
Additionally, the mmw-pads at the input introduce parasitic capacitance, which
was also considered with the design since it can have a prominent effect at mmw-



37

Lp Ls Zin,LNA

RFIN

Zin,tot

Figure 17: Zin at the transformer input.

frequencies. In this case, the custom-made pad capacitance Cpad value was estimated
to be 20 fF, and it was included in the simulations.

The input impedance Zin can be calculated by modeling the LNA with a small-
signal equivalent circuit. Fig. 15a shows a small-signal equivalent circuit of a
MOSFET-transistor with parasitic capacitances Cgd and Cgs. Fig. 15b presents
an approximated small-signal model with the most significant parasitics, the gate-
to-source capacitance Cgs, output resistance ro, and transconductance gm. The
approximated model simplifies the calculation considerably, although some effects
may be neglected. Fig. 16 has the complete small-signal equivalent circuit of the
designed LNA when the transistors are replaced with the equivalent circuit in Fig.
15b. The input and cascode transistors are equally sized and biased, so ro1 = ro2 = ro

can be assumed. The transformer Lp and Ls,p−m are coupled such that the mutual
inductance Mp = k

√︂
LpLs,p and Mm = k

√︂
LpLs,m. Ls,p = Ls,m is assumed, so

Mp = Mm. Ls,p and Ls,m are then summed so Ls,T F = Ls,p + Ls,m, and therefore
M = k

√︂
Lp(Ls,p + Ls,m). The currents and voltages at the negative and positive

sides are assumed to be equal by neglecting any signal imbalance caused by the
transformer and component mismatches.

First can be solved the input impedance seen from the transformer, Zin,tot. Fig.
17 shows the equivalent circuit, where the transformer has the LNA input impedance
Zin,LNA as a load impedance. The input impedance Zin,tot at the transformer input
is defined

Zin,tot(s) = sLp − s2M2

Zin,LNA + sLs,T F

= sLp − s2k2LpLs,T F

Zin,LNA + sLs,T F

, (33)

where Ls,T F = Ls,p + Ls,m. Now Zin,LNA seen from the transformer output can be
solved:

Zin,LNA(s) = 2Zin+Ls

sC2Zin+Ls + 1 , (34)

where C is the total capacitance between the positive and negative sides consisting
of Cgs1 of the input transistors, and the cross-coupling capacitors Cc:
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C = 2 CcCgs1

Cc + Cgs1
(35)

and Zin+Ls is the total impedance at the input transistor source:

Zin+Ls (s) =
s2LsCgs2ro(ro + ZL) + sLs(gm2r2

o + 2ro + ZL)
s2LsCgs2(gm1ro + 1)(ro + ZL) + s(Ls(gm1ro + 1)(gm2ro + 1) + Cgs2ro(ro + ZL)) + gm2r2

o + 2ro + ZL

(36)

If r2
o is taken as a common factor in the nominator and denominator, and ro is

assumed as a large value, Zin+Ls can be approximated as:

Zin+Ls(s) ≈ s2LsCgs2 + sLsgm2

s2LsCgs2gm1 + s(Lsgm1gm2 + Cgs2) + gm2
= sLs

sLsgm1 + 1 (37)

And now Zin,LNA can be expressed:

Zin,LNA(s) = s2Ls(Cc + Cgs1)
s24LsCcCgs1 + sLsgm1(Cc + Cgs1) + (Cc + Cgs1)

(38)

Now Eq. 38 can be inserted to Eq. 33:

Zin,tot(s) = sLp −
s34k2LpLs,T F LsCcCgs1 + s2k2LpLs,T F Lsgm1(Cc + Cgs1) + sk2LpLs,T F (Cc + Cgs1)

s24Ls,T F LsCcCgs1 + sLs,T F Lsgm1(Cc + Cgs1) + (2Ls + Ls,T F )(Cc + Cgs1)
(39)

The effect of ZL, Cgs2, and gm2 on Zin,LNA is negligible due to high reverse
isolation of the LNA. Cgs1 and Cgs2 of the transistors are about 15 fF, and the cross-
coupling capacitors Cc = 428 fF. The input matching frequency band is determined
by the resonance frequency when Imag(Zin,tot(jω)) = 0. With the designed LNA,
the resonance frequency could be defined by tuning the source inductors Ls and the
transformer. Then the real part could be adjusted with gm1, which was defined as
about 36 mA/V in the end.

When the input matching frequency band was defined correctly such that S11 <
−10 dB at 24-40 GHz, gm was increased in order to provide higher gain. However,
this introduces a trade-off of degrading input matching, so flexible biasing is necessary
to tune the biasing drain current according to the performance requirements. If
inferior input matching can be tolerated, gain and noise figure can be improved.

3.2.3 Shunt-peaked Load

In addition to wideband input matching, a load for wideband gain response is
challenging to implement. A resistive load could be a valid choice, but at high
frequencies the RC-constant at the output limits the bandwidth. Therefore, a
resistive load provided insufficient performance with the designed LNA. A resistive
load introduces also a voltage drop between the supply and output node, which is
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Figure 18: (a) A shunt-peaked load. (b) A bridged-shunt-peaked load.

undesirable with low supply voltage applications. Several parallel LC-resonators
could be utilized to create a wide gain bandwidth in a similar manner as with input
matching [52]. However, as was discussed previously, this would require a large die
area.

For high frequency wideband applications, a shunt-peaked load is a popular option
[53][54][55][56]. Fig. 18a presents the shunt-peaked load with a load capacitance
CL, inductance LL, and resistance RL. According to the analysis in [4], the effect
of LL on gain can be analyzed by determining the transimpedance Zs of a general
CS-amplifier with the shunt-peaked load:

Z(s) = Vout

Iin

=
(︃ 1

sCL

)︃
||(RL + sLL) = RL + sLL

1 − sRLCL + s2LLCL

(40)

The inductor LL creates a zero, which compensates the decreasing effect of CL.
LL causes also peaking in the gain response in addition to increasing bandwidth.
The peak can be decreased by connecting a capacitor in parallel with LL. Fig. 18b
shows a configuration called bridged-shunt-peaked load with the parallel capacitor
CB. Now Z(s) can be defined as

Z(s) =
(︃ 1

sCL

)︃
||(RL +

(︃
sLL|| 1

sCB

)︃
)

= s2RLCBLL + sLL + RL

s3LLCBCLRL + s2LL(CL + CB) + sCLRL + 1 ,

(41)

so CB creates an additional pole and zero to Z(s). The real part of Eq. 41 can be
solved to be:

Re(Z(jω)) = RL(ω2CBLL − 1)2

(ωCLRL)2(ω2LLCB − 1)2 + (ω2LL(CB + CL) − 1)2 (42)
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And the imaginary part:

Imag(Z(jω)) = −ωCLR2
L(ω2CBLL − 1)2 + ωLL(ω2LL(CB + CL) − 1)

(ωCLRL)2(ω2LLCB − 1)2 + (ω2LL(CB + CL) − 1)2 (43)

With CB the maximum bandwidth can be achieved with smaller LL value than
with the general shunt-peaked load, which results in smaller die area. With integrated
inductors, CB appears as the parasitic capacitance between the inductor and the
substrate. Therefore, the implemented load is not purely shunt-peaked load due to
the unavoidable parasitic capacitance CB of the inductor. [4]

With the designed LNA, the load capacitance CL is created by the following stage
in the receiver, and in this case CL ≈ 13 fF. The inductors LL were sized to provide
a peak in the gain response at the center frequency, about 31 GHz. The load resistor
RL was used to determine the peak height, which in this case was unnecessary to
minimize since the gain response flattened when the LNA was connected to the mixer
input.

Fig. 19 shows the voltage gain with different RL values. Larger RL would offer a
flatter gain response, but the voltage drop over the resistor is higher as well. The
supply voltage is low to begin with, therefore RL was decided to be as small as
possible. In this case, the smallest achievable value was RL = 34 Ω. Smaller resistance
could have been achieved by connecting several resistors in parallel, but then the
gain bandwidth would have been too narrow. Additionally, LL introduces parasitic
resistance to the load network. The resistance can be considered as an addition to
RL, so in practise RL is approximately 37-40 Ω.

According to Fig. 19, the gain response peak when RL < 112 Ω is at significantly
higher frequency than the center frequency, and the peak frequency has dependency
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Figure 20: (a) LNA layout. (b) Photo of the LNA.

on RL value too. The inductor LL was sized for gain peaking at higher frequency
than the center frequency due to the differences between the pre- and post-layout
simulation results. The gain peak adjusts to lower frequency in the post-layout
simulations such that the gain peak is approximately at 31 GHz in the end.

3.3 Layout
Careful layout drawing becomes essential at high frequencies. Layout parasitics have
prominent effects such as an increasing noise figure and decreasing signal magnitude
due to parasitic resistances and capacitances. At mmw-frequencies, electromagnetic
characteristics of the layout are necessary to consider as well. Coupling of long
adjacent signal lines must be avoided with large enough distance between them, and
large metal plates near inductors should be absent.

With the designed LNA, layout drawing consisted several challenges, especially
with the inductors and coupling. Inductors were required for the input matching
circuit and shunt-peaked load, and four inductors were needed in total due to the
differential structure. Integrated inductors are generally large compared to other
components, therefore optimizing the layout area was essential in order to fit the
transceiver on the chip. Inductor performance was studied in detail, since an
integrated inductor operation differs significantly from an ideal case. In addition,
the above mentioned coupling was necessary to consider with the differential LNA
output signal lines and the LNA transistor connections.

Fig. 20a shows the layout of the designed LNA with the transformer connected
to the input mmw-pads on the left side. The core die area for the transformer and
LNA is 443 µm x 283 µm. Fig. 20b presents a close-up photo of the fabricated LNA.
The inductors are visible on top and bottom sides of the LNA, and their design
and optimization will be analyzed separately in Section 3.3.1. The remaining layout
considerations will be discussed in Section 3.3.2.
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Figure 21: A differential inductor.
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Figure 22: A simplified inductor equivalent circuit.

3.3.1 Inductors

The implementation of the inductors required several aspects to be considered.
Integrated inductors are typically implemented in a planar shape on a quite conductive
substrate [57][58][6]. Magnetic materials are seldom available in the manufacturing
processes, so a magnetic core for the inductor is rarely possible to implement [5].
The inductors have an important role in this circuit in the input matching circuit
and load, therefore optimizing the performance was essential. The crucial features to
consider were the size, self-resonance frequency, quality factor Q, and coupling.

The total of four inductors would have required an inconveniently large area
on the chip, thus options for optimizing the needed area were studied. Differential
inductors were a suitable choice in this case due to symmetry of the circuit. The
inductor center tap is connected to the RF- or DC-ground, therefore both sides have
inductance L/2. Consequently, the total number of needed inductors reduced to two,
and the layout size decreased and drawing was simplified.

Fig. 21 shows a differential inductor with a center tap connected to the middle
of the innermost turn. In the designed LNA, the center tap is connected to VSS

at the input transistor source inductor, since it provides DC-ground. The inductor
metal line width was increased in order to minimize parasitic resistances. The load
inductor center tap is connected to the supply VDD, which provides also RF-ground.
Parasitic resistances of the load inductor add to the load resistance RL, and increase
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Figure 23: (a) Inductor inductance L as a function of frequency. (b) Inductor quality
factor Q as a function of frequency.

the voltage drop from VDD to the cascode transistor drains.
Performance of a real integrated inductor is vastly different than of an ideal

inductor. The real inductor performance is limited by parasitics which have a
significant effect on operation. Fig. 22 presents a simplified equivalent circuit of
a real inductor with parasitics. In addition to the inductance L, the inductor has
parasitic resistance Rp of the metal line, and parasitic capacitance Cp created by the
capacitance between the inductor metal lines and the substrate, and the capacitance
between turns. The parasitic capacitance Cp resonates with the inductance L at the
self-resonance frequency fSR = 1/(2π

√︂
LCp). At frequencies > fSR, the capacitive

elements dominate the inductor impedance. [5]
In order to ensure sufficient operation, the crucial inductor characteristics were

analyzed, including the real and imaginary part of the impedance, fSR, and Q. Fig.
23a shows the inductor inductance as a function of frequency. L remains mostly
constant at 24-40 GHz, but then increases rapidly near fSR and becomes capacitive.
fSR must be outside the operational frequency band in order to ensure desired circuit
performance.

The inductor Q-factor describes the inductor quality by comparing the peak
stored energy to dissipated energy in an oscillation cycle. Q-factor can be defined in
several different ways, but generally it can be expressed as [59]:

Q = 2π
energy stored

energy lost in one oscillation cycle
(44)

If the inductor is modeled as a simple RLC-tank equivalent circuit, Q becomes
[60]:
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Figure 24: Coupling of transistor terminal connections.

Q = 2π
peak magnetic energy − peak electric energy

energy loss in one oscillation cycle

= Rp

ωL

(︄
1 −

(︃
ω

ω0

)︃2
)︄

= Imag(Z)
Re(Z)

(45)

Electric energy stored in the inductor degrades the Q-factor. Electric energy is
generally stored by the parasitic capacitance Cp, so minimizing Cp is essential in
inductor design. Additionally, minimizing the parasitic resistance Rp was necessary
especially with the input matching inductor Ls, since it provides DC-ground for the
input transistors as well. Hence, the inductor line width was increased to minimize
Rp.

Typically, the inductor magnetic energy is inspected. Then Q can be determined
[60]:

Q = 2π
peak magnetic energy

energy loss in one oscillation cycle
= Rp

ω0L
(46)

Fig. 23b shows the Q-factor of the inductor at the input transistor sources.
The inductor was designed to provide the highest Q at the LNA frequency band.
According to Fig. 23a and 23b, Q becomes less than zero after fSR.

Coupling should be taken into account when inductors are used in a circuit, since
it can change the inductor behaviour significantly. As a consequence of coupling,
current is induced in the secondary side. Unintentional coupling with an inductor
can be caused by placing large metal plates or long metal lines near the inductor.
Alternatively, the inductors can couple to each other if they have too small distance
between them. Consequently, this can change the inductor inductance and thus the
circuit performance. With the designed LNA, the inductors were secured to operate
as intended by having empty space around them. Additionally, they were placed far
enough from each other and the transformer in order to avoid coupling.

3.3.2 LNA Core

The LNA core, omitting the inductors, is located between them in Fig. 20a. The
cascoded transistors for both sides are in the middle of the core, and the cross-
coupling capacitors are located around them. The differential load inductor, and
input matching and DC-ground inductor are on top and bottom sides of the core,
respectively.
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The effect of layout parasitics to the circuit performance increases along the
frequency. For instance, parasitic capacitances affect significantly at mmw-frequencies.
In a differential structure, the layout parasitics can cause inequality in the differential
signal if the parasitics on one side differ from the other side. Hence, magnitude and
phase error caused by the differential structure was avoided by drawing a symmetric
layout which significance was increased due to the output signal imbalance dependency
only on LNA element mismatch.

General high frequency layout drawing customs include utilizing wide upper layer
metal strips as the signal lines, and drawing unavoidable overlapping wires with
90◦-crossing. These general customs were followed in this case as well. Although, in
case of overlapping lines, wider lines cause larger capacitance, so either a trade-off is
required, or the overlapping wires can be drawn with narrower metal strips.

Especially at mmw-frequencies, one design challenge is the coupling capacitance
of the transistor terminal connections. The distances between the source, drain, and
gate connections are often small, and if the terminal connections descend from high
upper metal layers in order to minimize parasitic resistances, the area of opposite
sides can be relatively large and therefore the coupling capacitance increases. Fig.
24 illustrates the situation with the transistor source and drain terminal connections.
With the designed LNA, the coupling capacitance was minimized by drawing the
connections at the source and drain on lower metal layers, and ascending to higher
layers outside the transistor. Additionally, the effect of the coupling capacitance was
included in the simulations.
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Figure 25: Simulation setup block diagram

4 Simulations
The single-to-differential-transformer and LNA operations were carefully verified
with simulations with and without extracted layout parasitics. Fig. 25 illustrates the
simulation setup with the transformer and LNA. The transformer was first simulated
separately with an electromagnetic (EM)-simulator Momentum, and the S-parameter
results were then embedded to the top-level simulations such that the transformer and
LNA could be simulated together. The radar mode switch transistors for bypassing
the LNA were connected to the transformer output so their effect on input matching
could be taken into account. Additionally, the input mmw-pad capacitance Cpad =
20 fF was added to the simulations. Spectre was used for the top-level simulations.

The single-to-differential-transformer and LNA were designed to be the first stages
of an integrated receiver, so the performance must fulfill several tight requirements.
The transformer losses contribute directly to the noise figure so minimizing them was
essential, and the parasitics cause signal imbalance. The LNA must provide sufficient
input matching, gain, and noise figure with the transformer at the receiver frequency
band of 24-40 GHz. Additionally, the LNA should offer linear performance so that
gain compression does not compromise performance in case of strong interferers. All
these performance metrics are presented and analyzed in the following sections.

4.1 Single-to-differential-transformer Simulations
In this case, necessary performance metrics for the transformer were loss and signal
imbalance. In order to analyze the performance with the LNA, the transformer oper-
ation was first inspected with EM-simulations. Thus, S-parameters were extracted
and embedded to the LNA simulations, and the effect of the transformer layout
parasitics could be studied.
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Figure 26: Magnetic field of the top metal line coupling to the lower metal line.

4.1.1 EM-simulations

EM-simulators calculate the electric and magnetic fields with different methods.
With mmw-frequency ICs, EM-simulators can be used to accurately characterize
electromagnetic effects, such as coupling. If transmission lines are utilized in the
circuit, for example in input matching circuits or long signal lines, their operation
can be investigated with EM-simulators. In addition, parasitics can be studied with
EM-simulations.

With the transformer, voltage induced to the secondary side by the primary
side magnetic field was inspected. The transformer behaviour could be analyzed
by calculating the magnetic field created by the current in the signal line. Fig. 26
shows a circulating magnetic field of a transmission line coupling to a line below.
Strength of coupling determines losses, which were minimized in this case with a
stacked transformer structure.

The S-parameter results of the EM-simulations were then extracted and added
to the LNA simulations. Consequently, the LNA performance could be measured by
taking the transformer into account. Especially the input matching circuit had to be
designed with the transformer due to the significant effect on the input impedance.
Noise figure could also be determined accurately by considering the transformer
losses.

4.1.2 Losses

Minimizing losses was a major target with the transformer design, which was discussed
in Section 3.1.1. Thus, a trade-off between the 3-dB bandwidth and losses was required
such that lower losses result to a narrower bandwidth. Fig. 27 presents S21 of the
transformer with a differential 100 Ω load. The 3-dB frequency band covers the LNA
input frequency band 24-40 GHz, although the center frequency should have been at
higher frequency. This could have been achieved by decreasing the transformer size,
and consequently the transformer inductance. Nevertheless, S21 = -3.2 − -1.4 dB at
24-40 GHz.
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Figure 28: (a) Signal magnitudes at the LNA input. (b) Signal magnitudes at the
LNA output.

Wider 3-dB frequency band could have been achieved with weaker coupling and
higher losses. This could have been implemented with both primary and secondary
sides on the same metal layer placed to minimum distance from each other. However,
in this case a wider bandwidth was unnecessary.

4.1.3 Signal Imbalance

The transformer causes signal imbalance as magnitude- and phase-errors of the differ-
ential signal which can degrade the receiver performance. Consequently, magnitude-
and phase-errors were studied at the LNA input and output. Fig. 28a shows sepa-
rately the differential signal magnitudes at the LNA input. Magnitude error caused by
the transformer is quite large at 24-40 GHz. However, the output signal is unaffected
by the errors at the input as was discussed in Section 3.2. Fig. 28b shows the signal
magnitudes at the LNA output, and the magnitude error is significantly smaller
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Figure 29: (a) Phase-error at the LNA input. (b) Phase-error at the LNA output.

than at the input. Hence, mitigating magnitude error was unnecessary with the
transformer design.

Error from the 180◦-phase difference was also necessary to inspect. Fig. 29a
presents the phase-error at the LNA input, and the error is significant at 24-40 GHz,
although it was minimized with the secondary side center-tap capacitor. A larger
capacitor would have reduced the error, but the size was limited by the available
area between the transformer and the input mmw-pads. However, Fig. 29b shows
that the phase-error decreases at the LNA output, and remains below 10◦. This is
still insufficiently large, since the error should be less than 5◦ as it is at 24-35 GHz.

4.2 LNA Simulations
In order to analyze the LNA performance, the necessary performance metrics such
as S11, voltage gain, NF, ICP, and IIP3 were determined by including the embedded
EM-simulated S-parameters of the transformer. Transistors with the same dimensions
as the mixer input transistors were connected to the output to approximate the
mixer as the load. Additionally, the radar switch transistors connected to the LNA
input were included in the simulations.

Instead of the transducer gain Gt, the voltage gain was simulated for the designed
LNA because the receiver operates in the voltage domain. The voltage gain should
be as high and flat as possible at 24-40 GHz to reduce the effect of following stages
to the total noise figure without compromising linearity.

For the LNA, the supply voltage VDD is 0.8 V. The pre- and post-layout results
were first compared with the same IDAC control bits turned on, setting ID as 2.69
mA in the pre-layout simulations and 2.24 mA in the post-layout simulations. Then,
ID was increased in the post-layout simulations to 2.83 mA resulting in DC-power
consumption PDC of 4.5 mW. Thus, the post-layout performance of IDAC is also
considered with the simulation results. Section 4.2.5 studies the effect of bias current
tuning by focusing on S11, gain, and NF variations.

Process corners of the design kit enable analysis of different scenarios for the
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Figure 30: (a) The simulated pre- and post-layout S11. (b) S11 with different process
corners with ID = 2.24 mA.

manufactured circuit. The process corners estimate the performance of the fabricated
devices, therefore for example circuit sensitivity to the device performance can be
studied in detail. Operation of the designed LNA was simulated with different
post-layout process corners in order to evaluate the performance in different scenarios.
In this case were inspected the nominal, worst, and best corners. General results
for pre- and post-layout simulations have been obtained with the nominal process
corner.

4.2.1 Input Matching with S11

The transformer and LNA provide input matching for the receiver as the first stages
in the chain. S11 is defined for a single-ended 50 Ω source at the transformer input.
Due to the significant effect of the transformer, the S-parameters have been included
on both pre- and post-layout results.

Fig. 30a presents both pre- and post-layout simulation results for S11 with an
increased ID in the post-layout results. The deepest notch of S11 defining lowest power
loss caused by mismatch has slightly shifted with post-layout from the pre-layout
results, which was expected. The shift is most likely caused by component model
inaccuracies. The input matching frequency band is determined by the resonant
frequency of the inductances and capacitances at the input transistor sources, so
parasitics of the cross-coupling capacitor Cc and the differential source inductor Ls

can have a considerable effect on S11.
However, instead of a deep notch, the bandwidth of S11 < -10 dB was the major

concern. The frequency band when S11 < -10 dB is nearly equally wide in both pre-
and post-layout results. Although S11 is only less than -7 dB at 24-40 GHz when ID

= 2.83 mA in the post-layout results, the performance can still be sufficient.
Fig. 30b has S11 results for different process corners with ID of 2.24 mA. According

to the figures, the deepest notch is acquired with the worst corner. However, the
best corner provides wider S11 bandwidth, which is more critical in this case.
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Figure 31: (a) The simulated pre- and post-layout voltage gain. (b) Voltage gain
with different process corners with ID = 2.24 mA.

4.2.2 Voltage Gain

The voltage gain is defined as the voltage ratio of the differential output signal to the
single-ended input signal. The center frequency of the gain response was dominated
by the differential load inductor LL, because the load capacitance was set by the
mixer input transistor. The transformer losses introduced a minor decrease in the
voltage gain.

Fig. 31a shows the pre- and post-layout voltage gains with an addition of one
post-layout result with a tuned ID . During the design process, the effect of layout
parasitics to the gain response was discovered, so the center frequency was tuned
higher than intended in the pre-layout simulations. For pre-layout results, the voltage
gain is 11.1-19.0 dB at 24-40 GHz. The performance degraded with the extracted
layout parasitics as expected. The gain peak shifted to lower frequency most likely
due to the parasitics of the load inductor. Additionally, gain decreased significantly
at frequencies > 30 GHz. The voltage gain according to the post-layout results is
7.1-15.4 dB at 24-40 GHz if ID is increased. In this case the gain peak is quite high,
although the gain response should be flat for wideband applications so equal signal
amplification is provided over the frequency band. The gain response flattens with
the mixer as a load, so the resulting gain is sufficiently flat at 24-40 GHz.

Fig. 31b presents the gain response with different process corners when ID = 2.24
mA. The center frequency and gain peak are the highest with the best corner. The
frequency band of the gain response is determined by the load, therefore the center
frequency shift can be caused by varying parasitics of the load components. One
major load element is the load inductor, which quality factor Q varies with the used
process corner. The best corner defines the highest Q, therefore the gain response
corresponds most to the pre-layout result. In addition, fluctuation of the bias current
affects gain. Lower bias current degrades the gain response.
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Figure 32: (a) The simulated pre- and post-layout noise figure. (b) Noise figure
with different process corners with ID = 2.24 mA.

4.2.3 Noise Figure

Low noise figure at a wide frequency range is generally challenging to achieve. The
simulated noise figure includes a significant addition by the transformer losses, which
is one dominating element in the total noise figure in this case.

Fig. 32a presents the pre- and post-layout simulation results for noise figure, with
an addition of post-layout results for increased ID. In pre-layout results, NF is 5.1-7.1
dB at 24-40 GHz and with ID = 2.83 mA post-layout simulations 6.4-9.1 dB. The
layout parasitics contributed approximately 2 dB addition to NF at the frequency
band. NF near 40 GHz could have been decreased by tuning the transformer center
frequency to higher frequency so the losses near 40 GHz would have decreased.

Fig. 32b shows NF with the studied process corners. The best corner provides
the lowest NF at 24-40 GHz, and NF variation between the different corners is larger
near 40 GHz than 24 GHz. The transformer loss remains unchanged with the process
corners since the embedded S-parameters are unaltered, although the center tap
capacitor Cb can have a minor effect to the losses. The most plausible cause for NF
variation are the LNA core components and connections.

4.2.4 Linearity with ICP and IIP3

Linearity of the LNA was defined with ICP and IIP3. In this case, IIP2 was
unnecessary to determine since the intermodulation products for it are far from the
frequency band. ICP and IIP3 were defined at the highest gain peak frequency of
30 GHz for post-layout results. ICP was measured with large-signal analysis by
sweeping the input power due to its nature as a large-signal phenomenon which
cannot be measured with a small-signal analysis. IIP3 was calculated with Eq. 22
by first measuring the output powers for the linear and intermodulation products.

According to the post-layout simulation results ICP is -8 dBm, and IIP3 is 1.0
dBm if ID is 2.83 mA. If ID is decreased, then also ICP and IIP3 decrease. The
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Figure 34: (a) Gain response with tuned ID (pre-layout). (b) Gain response with
tuned ID (post-layout)

difference between the ICP and IIP3 results is reasonable, because typically IIP3 -
ICP ≈ 10 dB [7]. Achieved linearity for the LNA should be sufficient to prevent gain
compression of the receiver in the presence of strong blockers.

4.2.5 Bias Current Tuning

The LNA performance depends strongly on the biasing current ID flowing from the
supply VDD through the transistors M1 and M3, and M2 and M4 to the ground,
because it defines gm of M1−4. Therefore, reliable and controllable biasing configu-
ration was desirable. This is implemented with IDAC, which enables easy tuning
of ID with control bits. In order to select the optimum ID, the LNA performance
was studied with the varying bias current. Thus, trade-offs between input matching,
gain, and NF could be observed. Linearity was found to be sufficient in the worst
case scenario when ID was the maximum, 2.83 mA, and IIP3 and ICP increased if
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Figure 35: (a) Noise figure with tuned ID (pre-layout). (b) Noise figure with tuned
ID (post-layout).

Table 4: Performance summary

Frequency band (GHz) Gain (dB) NF (dB) S11 (dB) IIP3 (at 30 GHz) (dBm) PDC (mW)
Pre-layout 24-40 11.1-19.0 5.1-7.1 ≤ -8.4 0.8 4.3
Post-layout 24-40 7.1-15.4 6.4-9.1 ≤ -7.7 1.0 4.5

Table 5: Comparison to LNAs at 22-45 GHz
This work

TF + LNA
[61]*

TF + LNA
[62]

LNA***
[63]
LNA

[64]
TF + LNA

[65]
TF + LNA

Technology 22-nm CMOS 65-nm CMOS 65-nm CMOS 45-nm CMOS SOI 130-nm SiGe BiCMOS 45-nm CMOS
Frequency (GHz) 24-40 23.3-32.2 24 24-44 28 22-45

S11 (dB) ≤ -7.7 < -13.9 -15 < -10 at 27-48 GHz < -10 < -15
Gain (dB) 7.1-15.4 max. 15 18 max. 20 10 max. 20.5
NF (dB) 6.4-9.1 3-3.8 4.2** 4.2-5.5 5 2-3.2 at 20-45 GHz

IIP3 (dBm) 1 -1.7 N/A N/A 3.9 N/A
PDC (mW) 4.5 13.5 21 58 18.5 25

Area (mm2) 0.13 0.17 N/A 0.2 N/A N/A

* The results are simulation based.
** Estimated value
*** Only the first stage is included in the results

ID was decreased.
Due to the effect of layout parasitics, the current provided by IDAC decreased.

This was compensated by changing the bit configuration in the post-layout simulations
so ID was tuned as close to the pre-layout value as possible.

The bias current has a prominent effect on S11, since gm is a dominating component
for Zin. Fig. 33a and 33b present the pre- and post-simulation results for tuned
ID, respectively. According to the results, the resonant frequency of the input
matching circuit depends slightly on gm, since the deepest notch of S11 moves along
ID. Bandwidth of S11 < -10 dB can be increased by decreasing ID. Especially, S11
near 40 GHz suffers if ID is increased.

Fig. 34a and 34b show the pre- and post-layout simulation results of the voltage
gain, respectively. Gain can be improved by increasing ID and consequently the
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transistor gm. Therefore, a trade-off exists between gain and input matching. A
corresponding phenomenon can be observed between NF and input matching when
the NF results in Fig. 35a and 35b and S11 results are compared. NF can be improved
at 24-40 GHz by increasing the transistor gm with ID. Hence, the gain response and
NF can be improved if degraded input matching can be tolerated near 40 GHz.

Table 4 presents the performance summary with the optimum IDs in the pre- and
post-layout simulations. Table 5 compares the designed LNA post-layout performance
to wide- and narrowband LNAs operating at 22-45 GHz. LNAs in [62], [64], and
[65] operate in receiver chains similarly as the designed LNA. According to the
performance metrics, the designed LNA proposes comparable performance especially
among other wideband LNAs. Particularly, the power consumption of the designed
LNA is significantly lower compared to other works.
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Figure 36: The receiver architecture

5 Integrated 5G NR Receiver
Our research group designed an integrated transceiver operating at 5G NR FR2 bands
as a contribution to the research project "RF convergence: Multi-functional array
transceivers for future communications and sensing." Fig. 36 presents the receiver
chain schematic with the LO-signal distribution chain. The single-to-differential
transformer and LNA discussed above were designed to be the first two stages of the
receiver chain. The third stage is a mixer for down-converting the RF input signal.
The last stage, IF-amplifier, provides a matched output impedance for the receiver
chain. Fig. 37a and 37b show the receiver layout and close-up photo of the fabricated
receiver, respectively. The input mmw-pads are on the left side and output signal
pads on the right side. The transformer and LNA are distinctly visible on the left
side of the chain.

In order to evaluate the LNA performance accurately as a part of the receiver
chain, the interface between the LNA and mixer was considered as was discussed
in Section 4.2. Thus, the transformer and LNA could be designed and simulated
individually before combining the receiver stages.

5.1 Operation Principles
The receiver chain has two different operation modes, a receiver (RX) and radar
modes. The RX mode works as a traditional radio receiver at 24-40 GHz with a
transformer, LNA, mixer, and IF-amplifier. The radar mode provides a radar at the
same frequency range. The radar structure differs from the receiver, and the used
mode can be switched by control bits.

In the RX mode, the switches visible in Fig. 36 are open, and the LNA functions
normally. The third stage is a Gilbert cell mixer, which down-converts the received
signal to a lower intermediate frequency (IF) 7-8 GHz, and simultaneously amplifies
the signal. The following IF-amplifier provides high load impedance for the mixer
and matches the output impedance of the chain. Additionally, the IF-amplifier must
offer high linearity, since the last stages of the chain dominate the total IIP3.
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(a) (b)

Figure 37: (a) The receiver layout. (b) Photo of the receiver

The radar must offer high linearity to avoid compression due to high leaked
signal power from the transmitter side. Linearity could be improved by decreasing
the receiver gain, which in this case was accomplished by turning off the LNA and
bypassing it so the transformer output was connected to the mixer input. In this case,
the LNA is bypassed by turning on the switches. Additionally, the mixer operates in
a passive mode instead of active in the radar mode to increase IIP3.

The LNA can be turned off by setting all control bits of IDAC to zero. Thus, ID

in the LNA is approximately zero, and the transistors are in subthreshold region.
Despite of the small leakage, the LNA input and output are sufficiently isolated.
Consequently, the radar provides significantly lower gain and improved linearity,
since the LNA is bypassed and the mixer operates in a passive mode. Although, the
noise figure increases considerably.

5.2 Simulation Results
The receiver chain operation was verified with pre- and post-layout simulations by
simulating all stages connected together in both receiver and radar modes. Individual
simulations for separated stages can be reliable, if the load and interface created by
the following stage is accurately represented. However, the circuit performance can
be vastly different when it is connected to the operating following stage. Therefore,
co-simulation is an essential part of a design process if the device consists of several
stages.

Post-layout simulations are typically slow due to the large size of the extracted
layout parasitic files and the large amount of saved simulation data. Hence, reducing
the parasitic file size and amount of saved data is preferred to speed up the simulations.
The simulator can also ignore parasitics below specified threshold values. However,
speeding up the simulations by approximations and reductions means typically less
accurate results. Differences with the LNA results might arise from the reductions
of the simulation accuracy. Additionally, the results introduced here are simulated
with the extracted parasitics of the receiver chain, but the LO-distribution chain is
represented as a schematic model.
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Figure 38: (a) S11, gain, and noise figure in the RX-mode. (b) S11, gain, and noise
figure in the radar mode.

5.2.1 Receiver

In order to analyze the receiver performance, the same metrics as with the LNA, S11,
gain, NF, ICP, IIP3, and DC-power consumption, were simulated. Fig. 38a shows
the post-layout simulation results for the receiver. The input is matched with S11 <
-10 dB at 24-40 GHz, which is an improvement compared to the results acquired
from individual simulations with the transformer and LNA. A plausible explanation
for this could be different biasing with decreased ID in the LNA. The S11 bandwidth
increases as ID decreases, which was discovered in Section 4.2.5. Additionally, the
effect of the radar switch transistors can be represented differently in the receiver
simulations than in the LNA simulations.

The receiver gain is presented as a function of the RF input frequency. The
RF- and LO-frequencies are varied so that the output IF-frequency is constantly 7
GHz. The receiver gain response has an almost corresponding shape with the LNA
gain. However, the mixer and IF-amplifier gains impact it too, so the gain response
shape differs from the LNA gain. The receiver gain is highest, 20 dB, at the lower
frequencies, and decreases to 10 dB at 40 GHz. To the decreasing total gain could
affect the LNA gain response or the LO-distribution chain performance.

The receiver single-sideband noise figure is lowest, about 12 dB, at the lower
frequencies, but increases rapidly to 21 dB at 40 GHz. Gain and NF are equal at
33.5 GHz, and at higher frequencies NF is larger than gain, which is undesirable.
The total receiver NF is significantly higher than NF of the transformer and LNA,
although the last stages should have an almost negligible impact on the total NF.

At frequencies lower than 33.5 GHz, the receiver operates sufficiently with matched
input, and satisfactory NF and gain. The total DC-power consumption for the receiver
is 14 mW, and linearity was determined at 30 GHz. The total IIP3 is -10.35 dBm,
and ICP -19.13 dBm, which are reasonable for a receiver.
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5.2.2 Radar

The same performance metrics are determined in this case as with the receiver mode.
Fig. 38b shows the final results for the receiver chain operating in the radar mode.
The LNA is turned off and bypassed, and the mixer is transformed to a passive mixer.
Consequently, gain decreased and NF increased significantly, but linearity improved.

Input matching is mostly defined in this case by the transformer and the input
impedance of the passive radar mixer. S11 < -10 dB at 24-40 GHz, so the input is
sufficiently matched.

The total radar gain is simulated in the same manner as the receiver gain. The
radar gain is approximately zero until 36 GHz, and decreases then as the RF input
frequency increases. The decreasing gain could be caused by degrading performance
of the passive mixer at that high frequencies. The mixer conversion gain decreases
if the transistors operating as switches are too slow to open and close. In addition,
LO-signals with for example overlapping waveforms or insufficient voltage swing can
degrade the mixer performance.

The total noise figure is significantly higher in the radar mode. The total NF
remains below 30 dB until 39 GHz, but begins to increase rapidly after 36 GHz,
concurrently as gain starts to decrease. However, noise performance is a less crucial
aspect in the radar mode.

Since the most power consuming stages are absent, the total DC-power consump-
tion is only 5.8 mW. Linearity is improved compared to the receiver mode, IIP3 and
ICP at 30 GHz are 14.52 dBm and 3 dBm, respectively. Therefore, the radar should
provide sufficient performance, since gain compression is absent despite of high input
powers.
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6 Conclusions
Implementation of radio systems for the new 5G communication network contains
several challenges considering the design. Utilization of high frequencies, 24.24 GHz
- 43.5 GHz according to the 5G New Radio standard for FR2, incorporation of
radio-based sensing systems, and implementation with CMOS technology are the
currently dominating trends with integrated radio transceivers. Our research group
has contributed to a relevant research project by designing and implementing an
integrated transceiver with an advanced 22-nm CMOS technology operating at 5G
NR FR2 bands. The dual-mode heterodyne receiver operates as a radio receiver
and radar at the input frequencies 24-40 GHz, and the IF-frequencies 7-8 GHz. The
two transmitters provide 2-element beam-forming with homodyne transmission and
class-D amplification at 16-33 GHz. The LO-signal is distributed to both receiver
and transmitters by the LO-chain with wideband phase-tuning by a mixed signal
delay tuning approach.

The first and second stages of the receiver chain, the single-to-differential-transformer
and LNA, must fulfill tight performance requirements. The transformer losses were
necessary to minimize with a stacked structure, because the losses contribute directly
to the total receiver noise figure. Signal imbalance at the LNA output is defined
mainly by component mismatch, so the limits were relieved for the magnitude- and
phase-errors caused by the transformer. The LNA must operate at a wide frequency
band, 24-40 GHz. Achieving wideband input matching, gain response, and low noise
figure simultaneously with sufficient linearity is challenging, especially when available
die area must be considered as well.

In order to achieve the above mentioned targets for the LNA, a gm-boosted
CG-structure by capacitive cross-coupling was exploited. Noise figure of the LNA
is decreased by increasing the effective transconductance Gm,eff of the input stage
with the inverting gain A defined by the input transistor Cgs and the cross-coupling
capacitor Cc. Input impedance is then dominated by the input stage gm, source
inductors Ls, capacitors Cc and Cgs, and the transformer. With the CC-CG-structure,
wideband input matching was achieved. The input matching frequency band was
tuned with mostly Ls and the transformer, and the gm value was selected with trade-
offs between S11, gain, and NF. In addition, a wideband gain response was obtained
with a shunt-peaked load consisting of a load inductor LL, resistor RL, and capacitance
CL created by the input of the following stage. However, LL parasitics affect the
load impedance significantly. The parasitic capacitance of LL modelled as a parallel
capacitor with the inductance alters the load topology to a bridged-shunt-peaked
structure with modifications to the gain response.

The LNA must be turned off and bypassed in the radar mode, so the receiver
linearity could be improved to avoid gain compression due to high leaked transmitter
power. In this case, digitally configurable biasing with IDAC provides biasing current
with a current mirror. Therefore, the LNA has flexible biasing enabling performance
trade-offs between S11, gain, and noise figure. If higher return losses can be tolerated
near the upper frequency boundary, voltage gain and noise figure can be improved
by increasing the bias current and consequently the transistor gm.
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At mmw-frequencies, careful layout drawing is crucial. Parasitic effects become
more significant as the frequencies increase. A significant parasitic effect consider-
ing the transistors at mmw-frequencies is coupling between the source and drain
connections, which consequently changes the transistor impedance. Coupling was
minimized by drawing the connections at the source and drain on lower metal layers,
and ascending to higher layers outside the transistor.

Integrated inductors have typically poor quality due to the planar structure and
absence of magnetic core materials. Therefore, optimization of the quality factor Q
at the operational frequency band is necessary, especially with the designed LNA
since the inductors are essential components in the input matching circuit and load.
The die area for the inductors was minimized by utilizing differential inductors, so
Ls and LL on opposite sides could be merged.

Performance verification with careful simulations is a major part of IC-design.
The transformer operation was evaluated with EM-simulations so the S-parameter
results could be embedded to the LNA simulations. Thus, the transformer and
LNA performance could be simulated together, and the significant effect of the
transformer to input matching and noise figure could be investigated. The necessary
performance metrics, S11, voltage gain, NF, IIP3, ICP, and DC-power consumption,
were simulated with and without the extracted layout parasitics. In order to evaluate
the operation reliability, different process corners were considered as well. In the
nominal process corner, pre- and post-layout performance differed due to the layout
parasitics in the LNA and IDAC. According to the post-layout results with ID =
2.83 mA, the LNA provides S11 ≤ -7.7 dB, voltage gain of 7.1-15.4 dB, and NF
of 6.4-9.1 dB at 24-40 GHz. At 30 GHz, ICP is -8 dBm and IIP3 1.0 dBm. The
DC-power consumption with VDD of 0.8 V and the total ID of 5.66 mA is 4.5 mW.
At different process corners, the LNA operation changed due to varying component
performance, but remained functional at 24-40 GHz.

In addition to separate simulations, the transformer and LNA were added to the
receiver chain, which was then simulated. The receiver chain provides sufficient input
matching with S11 < -10 dB at 24-40 GHz in both the receiver and radar modes.
The results for S11 in the receiver mode differ from the individual LNA simulations
most likely due to different biasing, simulation setup, and parasitic approximations
to accelerate the simulations. The receiver mode gain is 10-20 dB, and NF 12-21 dB
at 24-40 GHz with a total DC-power consumption of 14 mW. IIP3 and ICP at 30
GHz are -10.35 dBm and -19.13 dBm, respectively. In the radar mode, the crucial
performance aspect is linearity. At 30 GHz, IIP3 is 14.52 dBm, and ICP is 3 dBm.
Therefore, decreasing gain in the radar mode resulted in sufficient improvement in
linearity, although gain and NF degraded significantly. According to the results, the
transformer and LNA can provide desirable performance both individually and as a
part of the receiver chain at 24-40 GHz. Additionally, the designed LNA together
with the transformer propose sufficient performance when compared to other 22-45
GHz LNAs.
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