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ABSTRACT 

Ilari Nevalainen: GHz Range CMOS LNA 
Master of Science Thesis  
Tampere University 
Master’s Degree Program in Electrical Engineering 
April 2020 

 
 
The low noise amplifier (LNA) discussed in this thesis is specified to operate near 28GHz, 

which is within modern 5G bandwidths. The said amplifier consists of two stages, a common-gate 
and a common-drain. The output stage is modified for better gain and I/O-impedances although 
still not being a perfect fit for a buffer stage due to limited linearity.  

The design process consists of a review of LNA publications, CMOS transistor characteriza-
tion, electrical design of both stages individually and together followed by the design of a layout 
and a parasitic extraction. Since layout parasitics have an immense effect on LNA performance, 
the design consists of multiple iterations on which the electrical design is changed to counter the 
effects of the layout. 

Among the LNA itself, a temperature independent bias-circuit is included along with a meas-
urement pad model. The former is shown to work better than a current mirror biased with resistor, 
but the gain in the final results still drops somewhat with temperature. The pad model includes 
extracted capacitances and resistances but the inductances of transmission lines between pads 
and LNA ports are estimated with calculations. These inductances are used for matching other-
wise an additional inductor is needed at the output. 

The results of the post-layout design offer adequate gain of more than 15dB and noise figure 
(NF) of 3.2dB using only 5mW. Both input and output return losses are better than 10dB at the 
center frequency but 1dB compression point (OP1dB) is only about -10dBm due to the limited 
voltage headroom of the second stage. In the end, as this design is not fabricated and lacks 
proper EM simulations for inductors, the results are not directly comparable to recent LNA publi-
cations.  
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TIIVISTELMÄ 
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Sähkötekniikan DI-Tutkinto-ohjelma 
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Tämä diplomityö käsittelee pienikohinaista vahvistinta, joka on suunniteltu Tampereen yliopis-

ton RFIC-laboratoriossa käyttäen 45 nanometrin CMOS teknologiaa Cadence Virtuoso ohjelmis-
tolla. Vahvistimen topologiaksi on päätetty kaskodi, joka käyttää yhteishila kytkentää etuasteessa 
ja lähdeseuraajaa ulostuloasteessa. Jälkimmäistä on modifioitu parantaaksemme sen jännitevah-
vistusta sekä sisääntuloimpedanssia. Kyseistä lähdeseuraajaa kutsutaankin yleensä ”White’s 
kaskodiksi”.  

Vahvistin on spesifioitu tuottamaan yli 15 desibelin vahvistuksen, alle 3 desibelin kohinaluvun 
sekä toimimaan alle 3 milliwatin teholla. Näihin tuloksiin ei kuitenkaan päästy, vaan tehonkulu-
tusta jouduttiin kasvattamaan, jotta lineaarisuus saataisi hyväksyttävälle tasolle. Lisäksi kohi-
naluku nousi lähemmäksi 3.2 desibeliä, mikä on toisaalta vielä aivan kohtuullinen korkean taa-
juuden huomioon ottaen.  

Vahvistin suunniteltiin ensin piirikaavio tasolla, jonka jälkeen tehtiin fyysinen layout-suunnit-
telu. Jälkimmäisestä irrotettiin hajakapasitanssit ja resistanssit, joiden vaikutusta simuloitiin ja ver-
tailtiin piiritason tuloksiin. Lisäksi piiriä täytyi hieman muokata näiden parasiittisien komponenttien 
takia, jotta lopulliset tulokset olisivat mahdollisimman lähellä tavoite arvoja. 
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1 INTRODUCTION 

In recent years, 5th generation of a mobile cellular standard has raised a lot of discussion 

and interest enabling a much higher data rates compared to former 4G. However, such 

technology cannot be created based solely on software algorithms but requires more 

advanced analog integrated designs for RF frontends that can operate at higher 5G fre-

quency bands of around 30GHz and 80GHz. The transition from old 4G frequencies of 

2.4GHz-5.8GHz, requires much faster transistor technologies and new topological ideas 

to enable high frequency operation with sustainable power consumption. 

The topic of this thesis is tied to one of the most crucial elements of a modern radio 

frontend, the low noise amplifier (LNA). The device is designed to be placed right after 

antenna to receive and amplify a very weak radio signal. To reach an adequate signal-

to-noise ratio, one must ensure that the noise added by LNA is low compared to provided 

amplification. Furthermore, power consumption and linearity must also be considered to 

satisfy modern standards in mobile communications. 

CMOS stands for a complementary metal oxide semiconductor, which describes the way 

of placing both N-and PMOS transistors on the same wafer. This technology enables 

use of a very high quantity of transistors packed on one chip. This is the basis of inte-

grated electronics where multiple devices can be placed on the same silicon wafer 

greatly downsizing the electronics devices, which is crucial in mobile devices. 

While the transistor size diminishes in every new fabrication process, so does the maxi-

mum voltage on which the transistor operates. Consequently, new device topologies are 

required to support the ever-decreasing supply voltage. Placing multiple transistors in 

cascode on top of each other is hardly possible. This is considered also in design of LNA 

and the biasing circuit: both should operate with 1.1V voltage power supply. 

Among the parameters such as gain, noise figure and linearity, one also must consider 

how LNA works with other components of receiver. For example, the noise added by a 

battery or a low-dropout regulator (LDO) must be considered. Additionally, the matching 

between source and load circuits is important and the device must be immune to any 

signal that could leak back to the LNA from a mixer, for example. Overall, designing a 

high-performance LNA for 5G frequencies includes variety of difficulties and challenges 

that cannot all be solved within this thesis due to limited time and resources. 
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2 INTRODUCTION TO LNA 

In 1996, Petri Jarske and Nikolay Tchamov published a common base (CB) low noise 

amplifier (LNA) introducing a topology seldom utilized in low noise amplifiers using 0.8um 

BiCMOS architecture and operating at 3GHz with over 30dB power gain [1]. Now over 

20 years later, we discuss a similar topological approach for LNA design using 45nm 

CMOS architecture at 28GHz.  

This chapter places a short overview of this topology and the schematic of LNA and 

discusses several other LNA publications with comparison in parameters such as gain, 

noise figure and power consumption Next, we will discuss some challenges in integrated 

LNA design using the publication [20]. Last, the LNA parameters are specified using 

these papers as a guideline in respect to earlier simulated results. 

2.1 Topology 

In the original design [1], a common-base (CB) topology was introduced as the input of 

LNA characterized by its high voltage gain and low input impedance, the latter being a 

function of CB transistor and a bias current [2, p. 226] enabling input matching without 

additional lumped components or transmission lines. As for the high gain, the CB stage 

must be loaded with high impedance and requires a buffer stage before 50Ω load. The 

obvious benefit of using a common-base instead of a common-emitter (CE) is the ab-

sence of Miller-effect in CB [2, p. 532]. As a non-inverting voltage amplifier, CB does not 

suffer from additional input capacitance and thus provides gain at much higher frequen-

cies compared to CE [2, p. 513].  

The output stage is known as a common-collector (CC) or an emitter follower, charac-

terized by its output signal following the input with less than unity voltage gain [2, p. 240]. 

It has a high input and a low output resistance [2, p. 244], and can be matched well 

between CB and 50Ω load. Moreover, CC has a wide bandwidth [2, p.535] and is thus 

well suited for RF applications. 

In [1], the emitter follower is so-called “White’s Cascode” [1] which references to an en-

hanced emitter follower patented by Eric L. C. White in 1944 [3, p. 3]. The White’s emitter 

follower has higher input and lower output impedance compared to a normal emitter fol-

lower [3, p. 3], which is beneficial for LNA gain and matching. This is achieved by using 

a feedback between emitter and collector of CC transistor [3, p. 4] and is further improved 
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by using an inductor with low Q-factor at the collector [1]. Overall, the CC used by Jarske 

and Tchamov provides performance closer to an ideal emitter follower [1]. 

In our design of 45nm CMOS, the corresponding amplifier topologies are called common-

gate (CG) and common-drain (CD) a.k.a. source follower. Both stages are biased with 

current mirrors that are connected to an external bias circuit. 

 
 
Figure 1. LNA schematic overview.  

 

In figure 1, we introduce the discussed LNA topology in schematic format, the common-

gate being on left and the White’s Cascode on right. Design consists of three inductors, 

five transistors and five capacitors. The topology follows closely the original in [1] but 

uses different transistor process and constant gm biasing. In addition, the supply voltage 

is only 1.1V. 
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2.2 Literature review  

In this review, we go through 12 LNA papers [4]-[15] dating between 2013 and 2019 with 

a wide variety of different techniques for bandwidth extension, noise figure reduction and 

gain variation etc. Parameters such as gain, center frequency, NF, linearity, size and 

technology are listed in table 1. In Appendix A, we have added more thorough list of LNA 

parameters. The list includes among the parameters of table 1, topology and number of 

citations. Moreover, we have listed any special feature that makes the LNA stand out 

and whether the LNA is fabricated or not.  

2.2.1 LNA parameter table 

The structure of table 1 is following. We start from a reference number and the year 

paper was published and follow from oldest to newest. In narrow band LNAs, the fC cor-

responds to a center frequency but since that is not always explicit in ultra-wideband 

LNAs, in some cases whole band is given. The gain mentioned is transducer power gain, 

S21 [16, p. 537] and noise figure is either minimum NF or the range over whole frequency 

band.  

The quality of input and output matching is marked as S11 and S22 [16, p. 192] followed 

by -3dB bandwidth (BW). Linearity has four parameters: input and output third order in-

tercept points (IIP3, OIP3) [16, p. 504] and input and output 1dB compression points 

(IP1dB, OP1dB) [16, p. 502]. Supply voltage is marked as VDD and DC power consumption 

as PDC. Additionally, we included the chip area with and without measurement pads.  
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Year 
Ref Tech        

 Fc 
(GHz)

Gain 
(dB)

NF 
(dB)

S11/S22 
(dB)

BW 
3dB 
(GHz)

IIP3/ 
OIP3 
(dBm)

IP1dB/ 
OP1dB 
(dBm)

VDD 

(V)
PDC 

(mW)

Chip area 
(mm2) w/w/o 
pads

2013 
[4]

65nm 
CMOS 22.45 20.46 3.4 <-10/<-15 3.8 -/- -/- 1.1 12 0.3834/-

2013 
[5]

90nm 
CMOS 30-50 20.3

3.8-
4.7 -/- >20 0/- -20.8/- 1.2 20.4 0.4268/-

2014 
[6]

180nm 
CMOS 24.52 10.8 4.6 <-10/<-10 6 1.4/- -12.5/- 1.5 3.6 0.418/-

2015 
[7]

90nm 
CMOS 23.5 20 3.6 <-15/<-15 2 -/10 -/- 1 16.5 0.518/0.3485

2015 
[8]

130nm 
CMOS 25 27.5 3.5-5 -13/-10 2.5 -11/- -/- 1.5 11.25 0.664/-

2016 
[9]

180nm 
CMOS 17.5 18 3.6 <-10/<-10 - -/- -12.6/- 1.8 12.6 0.48/-

2017 
[10]

65nm 
CMOS 19 10.2

3.3-
5.7 -/- 14.5 -0.5/- -/- 12.4 0.1845/-

2018 
[11]

40nm 
CMOS 28 18-26

3.3-
4.3 - 7.4-9.3

-/13.5-
14.5

-21.6 -        
-13.4/- 1.1

21.5-
31.4 -/0.26

2018 
[12]

28nm 
CMOS 33 18.6 4.9 <-10/<-10 4.7 -/- -25.5/- 1.2 9.7 0.23/-

2018 
[13]

90nm 
CMOS 36.5

18.89/
16.54/
8.4 6.74 -/- 4.5 -/- -20/- 2 15.62 0.203/-

2018 
[14]

65nm 
CMOS 24-30 30.5

2.05-
2.32 -10/-11 8 -/- -/- 1 30 0.2/-

2019 
[15]

65nm 
CMOS 24 23.5 3.3 -/- 3 -18/- -/16.5 - 12 0.15/0.096

Avg. 
Value - - 20.4 3.84 - 6.45 - - - 15.62 0.351/-

Table 1. Parameters of IEEE LNA publications 



6 
 

2.2.2 Literature review 

The paper [4] consists of two cascode stages with emphasis on impedance matching 

and optimizing passive components. The chosen topology provides respectable gain of 

20dB and due to use of a cascode instead of just a common-source [8, Section II], high 

frequency operation resulted from reducing Miller’s effect. The use of CS as an input 

transistor requires, however, a matching network including large inductors that occupy 

significant area on the chip.  

Passive components are designed using EM simulation tool for accurate results, which 

is important as inductors have a great effect on gain, noise figure and matching. Also, at 

high frequencies, long wires include significant parasitics and must be modelled. Fur-

thermore, the effect of pad capacitance must be included as part of the matching as is 

done in [4]. 

The LNA in [4] provides relatively good specs with gain and noise figure of 20.46dB and 

3.4dB, respectively. Also, the matching is adequate. However, in the paper [4, Fig.8], 

most of the area used by LNA is taken by five large inductors three of which are used for 

source degeneration and input matching. 

In paper [5], three cascode stages are used with three different inductive loads to extend 

bandwidth over 20GHz (30-50GHz). In comparison, the BW in [4] is only 3.8GHz. As a 

negative side, the use of three stages almost doubles the power consumption without 

adding any gain compared to [4]. Also due to a circuit that is more complex with a high 

number of inductors the size of LNA has increased.  

To achieve wideband matching series-shunt C-L network is added to input as a conju-

gate for source degeneration inductors of the first two stages. Second stage provides 

high gain to middle frequency band and third stage to high frequency band while also 

providing a wideband output matching. We can see from [5, Fig.2] that both S11 and S22 

are very good on lower half of the band but worsen on higher frequencies. Consequently, 

it is challenging to provide ultra-wideband gain with adequate matching, high gain and 

low noise figure simultaneously at high frequencies.  

In paper [6], first two common-source stages share same bias reducing power consump-

tion. This current reuse enables very low PDC of 3.6mW but at the cost of gain that is only 

10.8dB being one of the lowest in all publications. Due to low gain and bias current, noise 

figure is rather high, 4.6dB. Furthermore, the LNA also includes multiple inductors simi-

larly to [4] and [5] with rather large usage of silicon area.  
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In addition to current reuse, LNA in [6] introduces a transformer as an input matching 

network. This enables wideband matching over the BW of 6GHz. What is unique to this 

design, however, is the derivative superposition method (DS) that is included in output 

stage. The idea is to bias transistors such that transconductance of the third harmonic is 

zero. This provides respectable results in linearity, although, the supply voltage of 1.5V 

available to single CS transistors also enables more headroom compared to e.g. White’s 

Cascode with 1.1V in our design. 

The paper [7] introduces LNA with two differential CS stages with PMOS current source 

loads. Input is converted from single-ended (SE) to differential, and at the output back to 

single-ended using transformers. Two stages are also separated from each other with 

transformer. It is mentioned that passive baluns done with transformers suffer from neg-

ative gain [17], [18], which can lead to instability. Consequently, LNA in [7] includes three 

4kΩ resistors that lower the Q-factor of the loads to improve the stability. Another nega-

tive side compared to active baluns is the size of transformers compared to transistors. 

On the other hand, no additional inductors are needed in this design for loading the 

stages keeping the size of LNA comparable to single ended LNAs. 

The use of differential stages doubles the available voltage headroom at the cost of dou-

bled current consumption. The LNA in [7], however, has somewhat lower PDC compared 

to other differential designs or even some multistage single ended LNAs. Another benefit 

of differential LNA is the cancellation of any external noise or interference created e.g. 

by voltage power supply.  

As in [4] and [5], LNA in [8] uses two single-ended cascodes while including a common-

drain buffer stage at the output for impedance matching. The buffer stage is mentioned 

to exist only for measurement purposes and the LNA is designed to work with high input 

impedance of the subsequent device. It can be seen in results [8, table 1] that CD stage 

increases PDC about 50% while also decreasing the input intermodulation point (IIP3) by 

10dB. Although CD stage adds 3dB of power gain, the significant effect on linearity 

makes it rather poor choice compared to other matching options. We will notice the same 

problem in our LNA when electrical design is considered in chapter 4. 

In addition to choosing LS and LG inductors properly, the size of the first CS transistor is 

also important for optimal noise figure. Furthermore, the poor quality of on-chip inductors 

has a significant effect on noise figure, which we will see also in this thesis. It is noted 

that the gate inductor LG is especially problematic concerning NF.  

Apart from linearity, the LNA [8] has largest die size of all designs. We can see [8, fig. 4] 

that there is a lot of empty space within used area. However, it could be argued that 
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spacing inductors and transmission-lines further away from each other reduces electro-

magnetic coupling which could create problematic feedback loops, for example. In the 

end, the LNA has very respectable gain and noise figure but suffers from poor linearity 

and a large size. 

The LNA in [9] is the first, in this preview, to employ a common-gate as the input stage 

instead of a common-source followed by a cascode output stage. The design introduces 

a transformer feedforward gm-boosting technique that is mentioned to improve both 

transducer gain and noise figure. As noted earlier, the common-gate stage suffers from 

a compromise between noise and input matching also mentioned in [9]. Hence, the trans-

former is included for better noise performance.  

The LNA [9] has moderate gain of 18dB and noise figure of 3.6dB, respectively. It is not 

mentioned if P1dB of -12dBm is taken from input or output but considering the high supply 

voltage of 1.8V with large available voltage headroom we assume it is taken from input. 

Although the gm-boosting method as shown mathematically should improve the gain and 

noise figure, no real numerical data is provided which would be interesting to see.  

The design [9] uses 180nm CMOS process that provides a transit frequency (fT) of 

around 60GHz. As the fT is tied to the size of transistor (3.3)-(3.5), the used technology 

limits the operation range of LNA, and we can see that the design operates on much 

lower frequency of 17.5GHz compared to other LNAs in table 1. The lower frequency 

defines also to the used inductor sizes and the design is rather large even though the 

topology itself is not very complex. Lastly, the cascode stage used as an output has too 

high output impedance for good matching and S22 is only about -7dB. 

In [10], a single cascode stage with two transformers is introduced with transformer gate-

drain feedback in the common-gate and transformer-based source degeneration input 

matching network in the common-source. The gate-drain transformer is designed to add 

an additional conjugate pole pair at higher frequency extending the gain bandwidth to 

almost 15GHz. In addition, a source degeneration transformer acts as a band-pass filter 

to provide wide input matching.  

The LNA [10] has a very compact size due to only two transformers and no other induc-

tors in design. On the other hand, a single cascode stage can only provide little over 

10dB gain. Moreover, the noise figure significantly increases on both edges of band while 

the minimum NF has very respectable value of 3.3dB compared to other papers. 
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In paper [11], differential LNA is introduced with a single ended cascode input stage and 

two differential subsequent stages. The main feature of this design is the option to regu-

late gain between 18-26dB. This is achieved by using a tunable load and bias on both 

differential stages. Gain of the first stage is fixed for optimal noise performance.  

Similarly, to [7] the single to differential conversion and interstage matching is done with 

transformers. In [11] the transformers are double tuned to two frequencies extending the 

bandwidth. Although, compared to [10] the BW is only 7.4-9.3GHz, depending on gain. 

Another transformer is used at the input of the cascode stage to provide wideband input 

matching similar to [6], [10]. 

The gain of this LNA is one of the highest, 27.1dB when maximum loading is used on all 

stages. What is remarkable in this design, however, is the linearity, IP1dB being -21dBm 

and IIP3 -12.1dBm with highest gain. By lowering gain, even better input compression 

can be achieved making this LNA suitable for high input powers of modern 5G transceiv-

ers [11]. Overall, with high gain, excellent linearity and good NF of 3.3-4.3dB makes this 

design one of the best LNAs in table 1. The only negative side is the high power-con-

sumption of 21.5-31.4mW depending on used gain. 

LNA in paper [12] uses a more recent 28nm CMOS technology and the effect of this 

process on designing active and passive components is discussed. Furthermore, EM 

simulations are used for the passive component design to achieve high quality factors. 

In addition to inductors and capacitors, this LNA utilizes grounded coplanar waveguides 

(GCWG) as interconnects between active and passive components.  

The paper explains some problems with 28nm process. First, it is said that transistors 

suffer from lower intrinsic gain thus degrading the LNA gain. Second, the closer distance 

between components and the lossy substrate decreases the Q-factor. Lastly, thinner 

metal thicknesses and density rules complicate and degrade the design of passive com-

ponents.  

Furthermore, it is important to choose proper transistor sizes, and implement layout such 

that finger width and current densities are optimized. Moreover, using gate connections 

on both top and bottom of a transistor decreases the gate resistance. This is especially 

important on first stage to minimize noise figure.  

The LNA achieves NF of 4.9dB and gain of 18.6dB with a supply voltage of 1.2V. The 

measured NF suffers significantly from added noise from inductors, GCWG and post-

layout parasitics even though Q-factor is improved by using GCWG [12]. The positive 

sides are rather low PDC of 9.7mW used by the two cascode stages and small size of 

0.23mm2. 
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The paper [13] introduces another variable gain LNA that utilizes method called current 

steering to regulate gain of its three cascode-stages. The idea is to add a PMOS tran-

sistor parallel to the common-gate such that transconductance and thus gain of CG can 

be varied by biasing PMOS. Furthermore, gm-boosting technique seen in [9] is included 

in the first stage to improve gain and NF.  

Although the LNA operates at higher frequency than most LNAs in table 1, (34.7-

39.2GHz) the noise figure of 6.74dB is not great. Furthermore, although the linearity is 

in line with other designs, the LNA utilizes a high supply voltage of 2V.  

The paper [14] has three differential gain stages, CG and two cascodes with high gain 

of 30.6dB and low NF of 2.05dB. The problem compared to other papers is that this LNA 

is not fabricated and not measured and the real performance is unknown. However, the 

post layout design seems promising. 

More flexibility is achieved using three stages. First stage can be optimized for input and 

noise matching, second for high gain and third for output matching. It can be seen in [14, 

Fig.3] that the first two stages have both high voltage gain at different frequencies to 

extend the bandwidth to 8GHz. The gain of the third stage is then “sacrificed” for output 

matching, as the load does not provide as high gain as the first two stages. The downside 

of having three differential stages is the high bias current of 30mA over the supply of 1V.  

In paper [15], proposed LNA uses two common-source stages with single-ended neu-

tralization technique to tune out Miller-capacitance. It is mentioned that the cascode 

structure enables higher gain but at the cost of linearity and noise figure. However, in 

bare CS stage, gate-drain capacitance has to be neutralized.  

Using a differential stage would enable the use of capacitive cross-coupling (CCC) [15] 

but with the cost of current consumption. On the other hand, it is mentioned that single-

ended neutralization suffers from stability issues due to phase deviations and thus the 

feedback path is shortened, and rest of the leakage inductance countered with additional 

capacitor.  

Three transformers are utilized, first providing input and noise figure matching similarly 

to [6], [9] and [10]. Second transformer acts as an interstage matching and third neutral-

izes the second CS transistor while also matches the output impedance. Having only 

three inductive components, the active area reduces to 0.096mm2 and even with pads; 

the size is only 0.15mm2. This LNA is the most compact of all the designs in table 1. 
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LNA in [15] has very respectable gain of 23.5dB considering it uses only two transistors. 

NF is also in line with other sub-30GHz LNAs in table 1 being 3.3dB at minimum. Fur-

thermore, the linearity is very good although the supply voltage is not mentioned. The 

size is also very compact. 

2.3 Design challenges and workflow 

In [20], Behzad Razavi states how the speed of transistor and limited voltage on power 

supplies leads to many problems and induces the need of passive components such as 

inductors and transmission lines. He also compares the 90nm and 0.25µm CMOS tech-

nologies in terms of transistor speed and size of inductors stating that in case of 60GHz 

compared to 5GHz, the frequency is 12 times higher but the speed of transistor is only 

five times higher and the size of inductors only halves between two generations. 

All these points are important considering the LNA design. First, as we use voltage power 

supply of 1.1V, the number of cascoded and stacked transistors is limited to two; other-

wise, we cannot bias them into saturation. This is not necessarily problem in LNA design, 

but it will limit the possible bias circuits that are sometimes quite complicated. Secondly, 

we must consider the speed of transistors, especially in case where we need gain, and 

use transient frequency (fT), as a parameter [2, p. 521]. Lastly, the size and number of 

inductors must be considered, as they will occupy most of the silicon area.  

Another issue described by Razavi in [20], is modeling. Creating models than scale ac-

curately over different transistor sizes is difficult and could lead to simulators to not con-

verging. For example, S-parameters were often extracted from measurements and used 

as models. However, these models were difficult to scale and had significant errors at 

higher frequencies.  

Proper modeling of passive components becomes more crucial when we operate at 

higher frequencies as the reactance increase with frequency. Thus, it is important to 

realize the effect of parasitic capacitances and inductances that are generated within 

layout. The problem, however, is that modeling inductances would require additional EM-

software we lack now; thus, the inductances of long transmission lines are modeled with 

rough calculations and do have significant margin of error.  

In the paper, Razavi states that using a common-gate as a low noise amplifier has two 

problems in very high frequencies and submicron technologies. The first problem is that 

the CG transistor gate has to see a low-impedance path to ground otherwise gain and 

input matching are compromised. To counter this problem, a large capacitor is placed in 

between the gate and ground. The problem with this capacitor is that large size requires 
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more space on chip [20]. In our design, we will discuss this capacitor and see that it will 

also affect the noise figure of the LNA. 

The second problem is the gain of the common gate transistor. In his paper [20], Razavi 

says that gain will hardly be more than 2.5 when: 

 

= ((𝑔 + 𝑔 )𝑟 + 1)/2 1 +      (2.1) 

 

(𝑔 + 𝑔 )𝑟 < 10        (2.2) 

 

In (2.1) and (2.2), gm is the transconductance of transistor [21, p. 19], gmb the transcon-

ductance due to body effect [21, p.32], rO the dynamic resistance due to channel-length 

modulation [21, p.31] and R1 the load resistance of the common-gate [20].  

Now, it is stated [20] that rO ≈ R1 making the denominator of (2.1) close to four. Thus, in 

order to achieve gain more than ten, the (2.2) has to be more than 40. In [21, p. 32], the 

transistor output resistance is derived as following: 

 

𝑟 =
µ ( )

       (2.3) 

 

In (2.3), µ is carrier mobility [21, p. 14], COX gate oxide capacitance [21, p. 11] and λ 

channel-length modulation coefficient [21, p. 23]. Moreover, the VGS is the voltage be-

tween gate and source of a transistor and VTH so called threshold voltage [21, p. 11]. 

Last, the W and L indicate the width and the length of the MOS transistor channel. 

In (2.3), we can see how, resistance rO is inversely dependent on transistor width and 

square of overdrive voltage VGS-VTH. This would indicate that using a small transistor, we 

could achieve high rO but we will see later that enabling high current on a small transistor 

requires high overdrive voltage that has much greater effect on rO. Overall, we will see 

in chapter 3 that this resistance has an effect on gain, as it is parallel with load in the 

common-gate stage. 

 

𝑔 = 2µ𝐶 𝐼        (2.4) 



13 
 

In (2.4), we have the transconductance of MOS transistor [21, p. 19], which is dependent 

on size but also on drain current ID. Consequently, we could use a very large transistor 

with high current to provide high gain in the common-gate but in next chapters, we will 

notice that the transistor size determinates other aspects of design such as speed, noise 

figure (NF) and input impedance, which are all interdependent on each other. Moreover, 

the load resistance in (2.1) will also affect the gain and is discussed in chapter 4.1.2. 

In addition to the problems explained by Razavi, the LNA design has several other chal-

lenges that must be considered. First, the common-gate transistor must be chosen very 

carefully to meet the requirements of noise figure, gain and input matching. We will see 

in following chapters how loading CG-transistor with the second stage and LC-tank will 

affect both the input impedance and gain.  

Second, the negative input resistance of source follower poses a problem as it can reflect 

to the input resistance of whole LNA. Third problem is the biasing as the gain of LNA 

drops with temperature and needs to be compensated using external bias circuit. Last, 

the measurement pad must be realized and included as part of the matching. As the pad 

model is much larger than the LNA itself, possibly very long transmission lines are used 

all of which include some series inductance.  

As a general designing problem, we need to consider the parasitics of the layout. These 

extracted parasitic capacitances and resistances will deviate the LNA parameters such 

as gain and noise figure. Consequently, many iterative design cycles need to be con-

ducted to counter these defects.  

Design specification Circuit topology Electrical design Physical design Parasitic extraction

 
Figure 2. Workflow chart of LNA design.  

In figure 2, we present the workflow chart of LNA design. Once the LNA target specifica-

tions are decided, we do not change them but instead discuss the results in conclusion. 

The topology is also fixed as we want to know whether the common-gate and the source 

follower would work as 5G LNA. If we consider the papers in table 1, very few considered 

GG-stage in their papers thus we want to present more unique approach in LNA design-

ing. 
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In figure 2, we can see that after parasitics extraction from layout it is possible that both 

electrical and physical design must be modified. These changed could include transistor 

sizing and tuning inductors and capacitors.  

2.4 LNA target parameters 

The target parameters are based on the previous LNA versions but also on those pre-

sented in table 1. We can see that the average gain in table 1 is 20.4dB and average NF 

3.84. We do not aim to reach such a high gain with only one voltage gain stage but 

instead we target lower NF of 3-3.5dB over the -3dB bandwidth. Moreover, the target 

power consumption of this design is only 3mW, which is about 5 times less than the 

average in table 1.  

When the parameters in table 1 are considered, we need to remember that almost all of 

those LNAs are fabricated. This means that the values we set are not directly compara-

ble. For example, in papers [6] and [8], simulated values do not match with measured 

although in case of [9], the gain and matching are similar in both simulations and meas-

urements. This also emphasizes the importance of proper EM simulations.  

The VDD is set to 1.1V as it is done in many papers using similar transistor technology. 

The center frequency is chosen such that it is within modern 5G bands in USA, South 

Korea, Canada and China [19]. Moreover, the return loss should be more than 10dB so 

that reflected powers from input and load are less than 10%. This is not exactly same as 

having S11 and S22 less than -10dB but close [16]. 

Table 2. LNA target parameter values 

Target parameter Target value 
VDD 1.1V 
PDC < 3mW 
fC 28GHz 
GT > 15dB 
NF 3-3.5dB 

OP1dB -10dBm 
S11, S22 < -10dB 

 

In table 2, we have listed the target parameters of the post-layout LNA. Only parameter, 

which is clearly weaker, compared to table 1 is output 1dB compression point (OP1dB) 

that we have set to -10dBm. This is partly due to limited voltage headroom of the com-

mon-drain transistor but is also due to other compromises in the design. Consequently, 

we do not consider the linearity necessarily as important as the noise figure or power 

consumption. In other words, we could probably achieve 10dB better OP1dB with much 

higher bias currents and by dropping the voltage gain of the first stage. 
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3 LNA COMPONENT CHARACTERIZATION 

The chapter on LNA component characterization concentrates on description and design 

of individual components: NMOS and PMOS transistors, capacitors, resistors and induc-

tors. The used process in which these components are realized is so-called General 

Process Design Kit (GPDK) that is provided by Cadence. This means that the design is 

not directly compatible with real fabrication processes that the manufacturers usually 

provide. 

The 45nm GPDK process includes 11 metal layers on which capacitors and inductors 

are created. Additionally, resistors use polysilicon as does the transistors on their gate 

terminals. The P-substrate is used and NMOS transistors use N-diffused source and 

drain terminals, whereas PMOS needs N-type well on which the P-type drain, and source 

are diffused. Both are presented in 3.2.1.  

3.1 Passive components 

Capacitor, inductor and resistor are illustrated in following figure 3-6 using both Cadence 

layout and Microsoft Visio. The top views are captured from layout whereas the side 

views are drawn using information from GPDK manual [22]. The side view images are 

not in scale, but they represent right metal layers and via structures. 

In figure 3, we have so-called Metal-Insulator-Metal (MIM) capacitor that is structured 

using top metals 11 and 10 as terminals and additional CapMetal in between to shorten 

the distance of two plates and thus to increase the capacitance [23]. The oxide insulator 

between metals has dielectric constant of 4.2 [24].  

In figure 3, the area of metal10 is 5.4𝜇m x 5.4𝜇m whereas CapMetal is measured 5μm x 

5μm. One of such capacitor blocks has capacitance of only 30.475fF, which requires use 

of multiple blocks in LNA design. Individual blocks are connected with metals 11 and 10 

where the added metal area will include some extra capacitance. This is probed after 

parasitic extraction of layout. 
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Figure 3. Metal-insulator-metal (MIM) capacitor top view (top) and a side cut view 
(bottom). 

 

In figure 4, we have an image of an inductor with L = 370pH and Q = 16.3 at 28GHz. The 

maximum size of said inductor is 69.5μm with an inner radius of 20μm, a track width of 

5μm and a track spacing of 1µm. In chapter 4.1.1, we use these parameters to design 

multiple inductors with different Q-factors and sizes that are needed along the design. 
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Figure 4. Layout of an octagonal inductor including a top view (top) and a side-cut 
view (bottom). The image on bottom is not in scale. 

 

The inductor in figure 4 has four layers: metal11, metal10 and metal9 as windings and 

metal8 as a bridge. Layers from metal11 to polysilicon are available for inductor design. 

Using more layers increases Q-factor to a point but makes design more complex and the 

time to create an inductor lasts longer. 

Apart from resistors and capacitors, inductors are created using Passive Component 

Designer (PCD). This means that the inductors that are used in the electrical design 

already include extracted layout parasitics, which are modeled as in figure 5. The model 

consists of seven capacitors, four inductors and seven resistors whose values depend 

on the size of inductor, the track width and spacing and the number of the windings, 

among other things. 
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Figure 5. Equivalent inductor model. 

 

In figure 6, we have a Non-Salicide P+ resistor Rnsppoly sized as 1.5μm x 4.63μm with 

resistance value of 2kΩ. The said resistor consists of a polysilicon layer that has vias to 

metal1 on both ends. By changing the length and width of resistor, we can tune the 

resistance longer and thinner resistor having higher resistance. For example, this resistor 

has R of 650Ω/square.  

 

Figure 6. Non-Salicide P+ Resistor top and side cut views.  
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3.2 Transistor characterization 

In this chapter, we will concentrate on CMOS N and P -type transistors, their illustrations 

in Cadence, DC-operation, transit frequency and noise figure. The idea is to create sev-

eral different sized transistors and simulate said parameters as a function of size, fre-

quency and current.  

 

Table 3. Size variants for transistor characterization 

# W L W/L 
1 5µm 45nm 111 
2 10µm 45nm 222 
3 20µm 45nm 444 
4 40µm 45nm 888 
5 80µm 45nm 1777 
6 120µm 45nm 2667 
7 160µm 45nm 3556 

 

In table 3, have listed seven different sizes that are used for both NMOS and PMOS. 

The channel length is kept constant while width (W) ranges from 5µm to 160μm. These 

values are then used to characterize the transistor speed and noise figure. 

3.2.1 Transistor illustration on Cadence 

The library provided by RFIC laboratory in Tampere University includes transistor models 

of N and P CMOS with a variable finger width, number of fingers and multiplier of indi-

vidual blocks. That is, the width of any transistor can be modified using three different 

parameters, maximum W of one transistor being 10µm [22] after which the same tran-

sistor must be multiplied if higher W is required.  

There is no specified guide how the width should be achieved, however, the minimum 

width of an individual finger being 120nm is too short when physical connections are 

added in chapter 5 and so we will use minimum finger width of 360nm. The length of the 

channel L is considered 45nm; however, if the speed of transistor is not important, for 

example in case of bias, we may consider a longer channel. 
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Figure 7. NMOS and PMOS schematic view (top), side cut view (middle) and top view 
(bottom).  

 

In figure 7, we illustrate both a schematic and a layout view of simple NMOS and PMOS 

transistors with only one gate finger. In PMOS, N-well is created on P-substrate to enable 

use of P+ drain and source channels. Oxide is growth under the polysilicon gate and 

between metal1 terminals to insulate signals from each other. However, there are small 

capacitances between gate, drain, source and substrate depending on the size of a tran-

sistor. This capacitance affects the performance of transistors and is one of the reasons 

why post-layout LNA performs differently to that of an electrical design. 

3.2.2 DC-curves 

In this simulation, we represent the drain current ID of NMOS transistor as a function of 

gate voltage VG and drain-voltage VD. The source and bulk are tied to ground and ideal 

voltage sources are placed on gate and drain.  

The simulation consists of two parts. First, we use a single transistor size and VDS is 

swept from 0V to 1.4V with VGS values from 0.4V to 0.6V. Second, we use multiple NMOS 
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sizes while VGS is swept from 0.3V to 1V. In first simulation W/L is set to 20µm/45nm 

while in second, we use sizes 1-7 from table 3. The results are shown in figures 8 and 9.  

 

 

Figure 8. Drain current ID as a function of VDS for several VGS values.  

 

In figure 8, we can see how the current depends on both VGS and VDS. This relation is 

presented as [21, p. 23]:  

 

𝐼 ≈ µ 𝐶 (𝑉 − 𝑉 ) (1 + 𝜆𝑉 )     (3.1) 

 

𝑉 > 𝑉 − 𝑉         (3.2) 

 

We can see in (3.1) that the current’s relation to drain source voltage VDS depends on 

the channel-length modulation coefficient λ [21, p. 23], which again depends on the 

length of the channel [21, p. 23]. Current also increases with added W and overdrive 

voltage VGS-VTH. The equation (3.2) relates to transistor saturation region on which the 

VDS must exceed or equal the overdrive voltage. Both equations are realized on a very 

basic level on transistor theory and in case of more complex Cadence models, only give 

starting point for transistor analysis.  
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Figure 9. ID as a function of VGS with different widths of NMOS.  

 

In figure 9, we can see the relation between bias condition and transistor width. Current 

increases in square as VGS grows as we saw in (3.1). Now, if we want to target certain 

drain current, we can tune W or VGS, the former having also effect on noise and speed 

as we will see in next chapters.  

3.2.3 Transit frequency 

In any high frequency design, one must ensure that the transistor in use is fast enough, 

i.e. the so-called transit frequency (fT) is beyond the used frequency range of device. The 

fT is defined as a frequency on which the small signal current gain of a transistor or a 

device drops to unity [2, p. 521]. When frequency increases beyond this point, transistor 

will no longer provide gain. 

We can approximate the fT as following [2, p. 521]: 

 

2𝜋𝑓𝑡 ≈          (3.3) 

 

Transconductance gm in saturation is expressed as [21, p. 19]: 

 

𝑔 = 2µ𝐶 𝐼        (3.4) 
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Gate-drain capacitance is estimated as [21, p. 30]: 

 

𝐶 = 𝑊𝐿𝐶 + 𝑊𝐶        (3.5) 

 

In (3.4), we do not include channel-length modulation. In (3.5) COV is the capacitance 

due to overlapping of drain and source areas with the gate area [21, p. 28]. When con-

sidering (3.3)-(3.5) we can conclude that increasing the drain current benefits the fT. In 

addition, the width has greater effect on capacitance than transconductance; thus, we 

should see fT dropping with the increase of W. 

 

 
Figure 10. NMOS (right) and PMOS (left) transit frequency simulations setups.  

 

In figure 10, we have constructed a test-bench for both NMOS and PMOS to simulate fT. 

The bench is taken from Cadence tutorial webpage [25] where similar bench is intro-

duced for BJT transistors. In the test circuits, transistors are biased with V1 and I2, where 

V1 is set to 1.1V and I1 is swept from 0.5mA to 4mA. Current source I2 is an ideal current 

controlled current source that uses current through V2 as a reference [25].  

In figures 11 and 12, the fT is presented as a function of drain current ID using NMOS and 

PMOS variants from table 3. The transit frequency clearly drops with W and grows as 

the current increases, but only up to a point. With W of 5µm the maximum fT is reached 

with 1.5mA, with W of 10µm the max fT is at 3mA and with the rest, beyond the used 

current range. 

With very wide NMOS and PMOS transistors, reaching a transit frequency of at least 

double of our center frequency 28GHz would require very high bias currents. The optimal 

widths for transistor channels are around 40-80µm with moderate bias currents between 

1-3mA. The NMOS has better fT but the difference shrinks when the size of the transistor 
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grows. Ultimate, with size of 80µm, transit frequencies at 1.5mA are 66GHz and 52.5GHz 

in NMOS and PMOS, respectively.  

 

 
 
Figure 11. Transit frequency of NMOS as a function of drain current.  

 

 
 
Figure 12. Transit frequency of PMOS as a function of drain current. 
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3.2.4 Transistor noise figure 

We start defining the noise figure of a common-gate stage by considering a following 

equation from Behzad Razavi’s RF Microelectronics [26, p. 273]: 

 

𝑁𝐹 = 1 + + 1 +       (3.6) 

 

In (3.6), γ is the “excess noise coefficient” [26, p. 43], RS is the source resistance and R1 

is the resistance of the load inductor [26, p. 273]. In RF Microelectronics, Razavi states 

that γ has a value of 2/3 for long channel transistors and up to two for short channel [26, 

p. 43]. Although, we do not know the exact value of γ, we can make an approximation of 

noise figure using (3.6). 

First, let us assume that R1 is very large. If we consider the equivalent parallel resistance 

in an ideal inductor, the value should be very high as Q-factor is infinite. Thus, in case 

where we first use an ideal inductor of 1uH, R1 should be close to infinite. Later, when 

we add a real inductor with finite resistance, the noise figure should increase according 

to (3.6). 

In (3.4) we stated that transconductance is proportional to drain current and width of the 

transistor. Hence, we should see that noise decreases when we add more current or a 

larger transistor as the gm in (3.6) affects the noise figure. 

 
Figure 13. Ideal common gate noise test-bench for NMOS (right) and PMOS (left).  

 

In figure 13, both noise test-benches for NMOS and PMOS are presented. As the simu-

lations are done using S-parameters, we have added 50Ω source and load ports. The 

bias current is set similarly to fT test-bench in figure 10 by using ideal current sources. 

RF is “choked” from battery and ground by using ideal inductors LD and LS, both set to 
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1uH. Similarly, DC is blocked from source and load by using ideal capacitors CIN and 

COUT, set to 1uF. Additionally, one more capacitor CG is added to the gate of the transistor 

to provide AC ground at the gate. This affect the noise figure immensely. 

In noise figure simulation, current ID is set to 1.5mA and VDS to 1.1V when frequency is 

the sweeping parameter. In case where we sweep current ID, the frequency is set to 

28GHz. In the former simulation setup, transistor widths are chosen as in table 3 between 

5µm and 160µm. In case of the current sweep, the widths of transistor vary between 

40µm and 80µm. 

 
 
Figure 14. Noise figure in an ideal NMOS CG-stage as a function of frequency.  

 
 
Figure 15. Noise figures of PMOS transistors in an ideal CG-stage as a function of 
frequency. 
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Comparing figures 14 and 15 we can conclude that reaching noise figure under 3dB 

would require at least W of 40µm from NMOS and W of 20µm from PMOS. Both sizes 

would reach fT near 100GHz, which should be adequate. Increasing value of W drops 

the NF but only to a point. In both NMOS and PMOS simulations, lowest NF was 

achieved with W of 80µm after which the noise starts to increase as W grows further. 

Consequently, we cannot increase the size of a transistor infinitely as the frequency of 

minimum NF is tied to a certain size at certain frequency. Moreover, we must consider 

the fT as well when we decide the sizes of amplifying transistors. 

 

 
 
Figure 16. Noise figure of an ideal NMOS CG-stage as a function of drain current ID 
simulated at 28GHz  

 
 
Figure 17. Noise figure of an ideal PMOS CG-stage as a function of drain current ID 
simulated at 28GHz.  
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Figures 16 and 17 with respect to figures 14 and 15 give and an idea of suitable transistor 

sizes for the CG stage, but there are still a few options to consider. In figures 16 and 17, 

we can conclude that increase in drain current will have diminishing results on noise after 

certain current. For example, if we take the 40µm NMOS and change ID from 1.5mA to 

3mA, the noise will only improve by 0.4dB. In PMOS, the same increase in current has 

even lesser effect.  

In figures 18-21, we consider the noise figure as a function of source resistance. In figure 

18, we have NMOS having W of 80µm with bias current varying from 100µA to 2.5mA. 

In figure 19, we have the same simulation with PMOS -variant. In figure 20 and 21, we 

have set the bias currents to 1.5mA, while varying W as in table 3. The simulations are 

done using same noise test-benches as in figure 13 using frequency of 28GHz. 

 

 
Figure 18. Noise figure of NMOS transistor as a function of source resistance with 
different bias currents.  
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Figure 19. Noise figure of PMOS transistor as a function of source resistance with 
different bias currents.  

 

 
 
Figure 20. Noise figure of NMOS transistor as a function of source resistance with 
different channel widths. 

 



30 
 

 
 
Figure 21. Noise figure of PMOS transistor as a function of source resistance with 
different channel widths.  

 

In figures 18 and 19, we can see that adding more drain current decreases the noise 

figure but the source resistance with which the noise curve has its minimum moves only 

slightly as the current increases. We can see that the best RS for noise is around 100Ω. 

Consequently, these simulations show that bias current affects the magnitude of noise 

figure but does not have as great an effect on noise figure matching. 

In figures 20 and 21, the effect of transistor width has a prominent effect with which 

source resistance the noise curve has its minimum. The wider the transistor, on lower 

RS the noise minimizes. Consequently, we can use transistor size as a parameter as we 

do noise figure matching. However, both figures 20 and 21 show that increasing size too 

much will not benefit NF. Hence, using W of more than 80µm does not improve noise 

figure when the source resistance is set to 50Ω and frequency to 28GHz. 



31 
 

 
Figure 22. Noise figure as a function of channel width W with both NMOS and PMOS 
transistors. 

 

The NF as a function of transistor width is presented in figure 22. The noise figure drops 

significantly when W is increased from 5µm to close to 50µm. The minimum noise figure 

for PMOS is at 60-70µm and for NMOS 80µm after which the noise increases when W 

grows.  

We can conclude that higher current improves the noise figure but at the cost of power 

consumption. Size of transistor in turn also improves noise as W increases but only up 

to a point. Moreover, we cannot increase the size too much as the transit frequency limits 

the gain of the transistor.  

Now thus far we have only considered ideal simulation setup and neglected the effect of 

loading, which should affect the noise as well, as we saw in (3.6). Furthermore, we must 

consider the input impedance of real CG-stage in respect to transistor size, current and 

loading. In next chapter, we will consider the electrical design of LNA starting from dis-

cussion of real metal-insulator-metal (MIM) capacitors and use of a design tool to create 

real inductors.  
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4 LNA ELECTRICAL DESIGN 

In the electrical design, we use the analysis of transistor characterization to create com-

mon-gate stage and modified source follower stage using inductors, capacitors and re-

sistor when needed. Furthermore, a temperature independent bias circuit is introduced 

and discussed followed by a model of measurement pads. The both CG and CD stages 

are first simulated independently in order to the see the difference between individual 

performance and that of a complete LNA. 

4.1 Common-gate design 

We start the common-gate amplifier design by introducing the design of passive compo-

nents. The LC-tank that has an inductor and a capacitor in parallel is used as a load of 

CG-stage tuned to produce maximum gain at 28GHz. We will illustrate the effect of this 

load on input impedance, add a current mirror bias to the circuit and see how the loading 

affects the voltage gain of the common-gate. 

4.1.1 Inductor and capacitor models 

The GPDK45 library offers capacitor model called “MIM-Cap” that is created using two 

top layers of metal and an additional capacitor metal seen in figure 4. In electrical design, 

we can decide the width and length of these capacitor plates up to 5µm, which is the 

maximum width of metal layers 10 and 11. Consequently, the maximum size of the single 

plate is 25µm2, which equals capacitance of 30.475fF. To reach higher capacitances we 

use multiple plates all connected to each other.  
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Figure 23. Q-factor of a simulated parallel plate capacitor model. Brown curve repre-
sents the size of 1µm2 and blue curve the size of 25µm2.  

 

In figure 23, we have quality factors of a small and a large parallel plate capacitor. The 

smaller capacitor has slightly higher Q compared to larger one and the Q of both capac-

itors decreases as a function of frequency. Consequently, we could achieve around 30% 

higher Q by using a lot of small plates but in practical sense using the maximum size 

eases the layout design. Furthermore, the Q-factors of these plate capacitors are at least 

10 times higher than any inductor we are using. 

For inductor design, we use Passive Component Designer (PCD) in Cadence Virtuoso. 

In figure 24, we have a picture of the most important parameters needed for inductor 

design. The inductor is chosen to be octagonal spiral using metal layers from metal11 to 

metal7. Using more layers improve Q but at the same time, makes the design more 

complex and time consuming as we discussed in chapter 3.1. This gives us some room, 

as we might not always require inductor with the highest possible Q-factor. 
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Figure 24. PCD setting for a spiral inductor design. On left, we can choose the used 
metal layers. On right, we can choose the width of metal, spacing of tracks, inner 
radius and number of turns.  

 

On right of figure 24, we can choose the size of the inductor. Higher track width improves 

Q-factor as the series resistance decreases, but on the layout side, the rules only allow 

width up to 5µm [22]. Although, we are not fabricating this LNA, we still want to pass as 

many DRC checks as possible.  

Track spacing is not as critical, although the higher the value, the larger the inductor 

grows. In design perspective, the number of turns and the inner radius define the induct-

ance and Q-factor. The inner radius must be twice the track width hence at least 10µm. 

Increasing the inner radius increases inductance and so does increasing the number of 

turns. For best Q we use minimum radius and enough turns to reach desired value of 

inductance. 

In figure 25, we have simulated Q-factor of 10 spiral inductors that are usable in further 

simulations. We need multiple inductors along the way since the frequency dependency 

of gain is due to both the load inductor and the input of the source follower. Another 

inductor is needed to block RF-input from ground. This also affects the reactive part of 

the input impedance.  
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Figure 25. Quality factors of spiral inductors as a function of frequency. At 28GHz, all 
inductors have Q-value of 14 or higher. 

 
 

4.1.2 Input impedance and loading of CG-stage 

We start this chapter by another consideration from Behzad Razavi. In book of Design 

of Analog CMOS Circuits [21, p. 194], Razavi states that the input impedance of the 

common-gate stage is following: 

 

𝑍 ≈
( )

+        (4.1) 

 

In (4.1), gmb is the transconductance due to body effect [21, p. 32], ro is the finite re-

sistance due to channel-length modulation [21, p. 31] and ZL is the output impedance of 

CG-stage as following: 

 

𝑍 = 𝑅 ||( )        (4.2) 

 

In (4.2), the RD is the load resistance between drain and battery and CD is capacitance 

seen at the drain of transistor [21, p. 194]. Equation (4.1) is only an estimate and does 
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not include all parameters, but we can assume that when we add the LC-tank load that 

is tuned to 28GHz with respectable impedance, the ZIN will increase.  

The output impedance of CG-stage depends on the inductor LD but also on any capaci-

tance seen at drain (4.2). This capacitance is partly due to the transistor itself [21, p. 29] 

and can be varied with W. The output of CG-stage will also depend on the input capaci-

tance of the source follower, the internal capacitances of the load inductor and extracted 

capacitance from layout.  

In figure 26, we have both real and imaginary parts of the input impedance with the 

original load of 1uH inductor and LC-tank of real 453pH inductor parallel with ideal 40.6fF 

capacitor. The capacitor is added to ease the tuning to 28GHz and because the inductor 

would have been otherwise too large (1.1nH). The parallel capacitor is changed or re-

moved completely when the source follower is added. The simulation is done using 

NMOS CG-stage seen in figure 13 with transistor width of 80µm and ID of 1.5mA. 

 

 
 
Figure 26. The real and imaginary parts of ZIN with ideal inductor and LC-tank loads. 

 

In figure 26, we can see that with tuned LC-tank load the input has a resonant peak and 

both the resistance and the reactance are now much higher increasing from about 32-

j20Ω to 61-j38Ω. In figure 27, we have the corresponding load with both real and imagi-

nary parts. We can see that with 1µH inductor the resistance is only about 5Ω with high 
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capacitive reactance of -j195Ω. With the LC-tank, the resistance is around 1.2kΩ with 

almost zero reactance. 

 

 
 
Figure 27. The real and imaginary parts of output impedance with ideal 1uH load and 
LC-tank.  

 

Now if we consider the reactance of 195Ω of the ideal load, it would equal capacitance 

of 29.15fF. If we add this capacitance to 40.6fF we used with the real 453pH inductor 

and calculate the resonance frequency, we end up with 28GHz. Thus, the capacitance 

seen at drain using transistor channel width of 80µm is around 29.15fF.  

When we compare the results of figure 26, we can conclude that loading will affect the 

input impedance as a function of frequency. The higher the peak of resonance at the 

output the higher the input resistance. This is very crucial regarding input matching.  

Next, let us consider noise for a moment. In (3.6) we saw how the noise figure depends 

on the ratio of the source resistance and the load resistance. Now that we have a real 

inductor as a load with R1 around 1.2kΩ, we should see an increase in NF compared to 

that of an ideal load. This is quite logical if we consider any resistance as a noise source 

and hence the real inductor with finite Q-factor and loss will generate some noise. 
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Figure 28. Noise figure as a function of frequency with ideal (blue) and real (orange) 
loads, and different CG capacitor values (purple, yellow, green). 

 

In figure 28, we have simulated NF of the common-gate circuit as in figure 13 with the 

ideal inductor LD of 1µH and with the real LC-tank using inductor of 453pH/Q17.9 and 

ideal capacitor of 40.6fF. In addition, we have changed the CG capacitor to values 365fF, 

731fF and 1.462pF and simulated their effects to NF while using the real LC-tank load.  

We can see in above figure that NF at 28GHz when both the load inductor LD and CG are 

ideal, the noise figure is 2.378dB. When the load is changes to the real LC-tank, NF 

increases to 2.69dB. This change is in line with (3.6) where R1 is now finite. In case 

where the capacitor CG changes from the ideal 1µF to a real 1.462pF capacitor, NF in-

creases to 2.747dB and with CG of 731fF and 365fF, corresponding noise figures are 

2.802dB and 2.909dB, respectively.  
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These capacitor values are equivalent to MIM-cap multipliers of 12, 24 and 48, and we 

can see in figure 28, that increasing size of CG has diminishing return on noise figure. 

Consequently, compromise between the size and NF must be done, as we do not want 

to make LNA unnecessarily large for a small improve in noise. Hence, we will choose 

the value of 731fF for CG at this point.  

4.1.3 Current mirror bias 

Up until this point, we have used ideal current sources to set the drain current. This has 

made it easier to simulate parameters as a function of current as the current through the 

ideal source I1 in figure 13, is copied precisely through transistor. The drawback is, how-

ever, that now we have used twice the ID and doubled the power consumption. In addi-

tion, these ideal current sources do not exist and must be replaced with something that 

can be realized in the layout. Consequently, we start by adding a resistor that sets the 

bias of the current mirror as seen in figure 29.  

In figure below, we have created new CG-stage with the current mirror bias. The original 

CG transistor is called M1 and the current mirror transistor M2. Because of channel-length 

modulation and the fact that VDS_M1 /= VDS_M2, the currents are not exactly linearly de-

pendent on the ratio of WM1 /WM2 [20, p. 136]. We saw in figure 8, that current ID is also 

dependent on VDS thus even if the M1 and M2 where sized similarly the corresponding 

bias currents would differ somewhat. 

 
Figure 29. CG-stage with a current mirror bias. The current of M2 is set with an ideal 
resistor RBIAS and by setting W of M2.  



40 
 

Width of M2 is set to 1/10 of that of a M1, 8µm. The resistor RBIAS1 has value of 6.5kΩ and 

the current through M2 is about 86µA while ID through M1 is 1.5mA. This proves our earlier 

statement of channel-length modulation as ratio WM1 /WM2 is not the same as the ratio of 

the drain currents.  

Now until this point, we have neglected the effect of 50Ω load. The port does not affect 

the output impedance of CG stage, but it does affect matching. Consequently, if we want 

to see the amount of gain the common-gate can provide on its own, we need to change 

the load to match the impedance of the output. Consequently, adding a second stage 

with high input impedance is crucial to provide meaningful voltage gain.  

4.1.4 Gain of common-gate 

In chapter 2.3, we introduced gain of the common-gate in (2.1) as Razavi had stated in 

his paper [20]. Using this approach, we can estimate the gain by hand then use simula-

tions to see the real voltage gain at this point of design. It should be noted that (2.1) does 

not include any source resistors and thus we have used ideal 1µH inductors at the source 

of M1. 

The simulation setup is the same as in 4.1.3 with WM1 = 80µm and ID = 1.5mA. Load of 

CG-stage is LC-tank of L = 453pH/Q19.8 parallel with C = 40.6fF. Capacitor CG has value 

731fF and the bias is set using the current mirror seen in figure 30.  

Using DC-analysis, we can find values for parameters in (2.1) as following: 

 gm = 20.027mS 

 gmb = 2.8mS 

 ro = 732.4Ω 

 R1 = 1.2kΩ 

These parameters placed on (2.1) give voltage gain value of about 5.5 or 14.8dB. This 

is at least twice better than what was estimated by Razavi in [20] but not yet very good. 

In next simulation, we use AC-analysis to find the voltage gain as a function of frequency. 

We remove the output port altogether to see the gain without the loading and change 

input port to ideal AC-source. Additionally, voltage gain is simulated with 500Ω and 50Ω 

loads. 
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Figure 30. Voltage gain of common gate stage without load (blue) and with 50Ω (red) 
and 500Ω (yellow) loads. 

 

The need of a buffer stage comes obvious when we look at the gains in figure 30. With 

50Ω load, the gain is 0.82dB. Even with 500Ω, we lose 7.5dB compared to an unloaded 

stage. Consequently, the input impedance of the second stage should be as high as 

possible to maximize the LNA gain. Of course, the voltage gain is only one part of the 

design, as the low loading of 50Ω requires also current gain. In next chapter, we will 

discuss the so-called White’s Cascode [3].  

4.2 Source follower design 

We start the source follower design with a basic NMOS structure to be able to compare 

the effects of more advanced design choices introduced in White’s Cascode [3]. The 

emphasis on this design is in the input impedance that will reflect on the gain of whole 

LNA. We will also place consideration on output impedance and power gain S21.  

4.2.1 Source follower basic structure 

Our source follower will consist of three NMOS transistors, two of which are used in the 

current mirror. Like in the CG-stage, biasing the mirror includes a large ideal resistor that 

fixes the current ID. In figure 31, we can see that M3 and M4 are equally sized as 

40µm/45nm and M5 as 3µm/45nm. The resistor is set to 6.6kΩ so that ID is 1mA and VDS 

over M4 is 450mV.  
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Figure 31. Source follower circuit with an active current mirror bias using an ideal 
6.6kΩ resistor.  

 

In figure 31, we have also added two 50Ω ports like in the CG-stage, the source port 

having DC-voltage of 1.1V, which corresponds to that of the common-gate output volt-

age. Source follower output is DC-blocked with ideal 1uF capacitor. We will discuss the 

effect of this capacitor later.  

We have chosen the initial value of ID as 1mA to keep LNA under 3mW power consump-

tion. The initial values for M3 and M4 are 40µm/45nm and M5 3µm/45nm. Using wider M4 

will increase the current and the VGS of M3. As the size of M4 increases but VGS stays the 

same, VDS of M4 drops. In (3.2) we stated the limit of saturation operation as a function 

of VDS and hence lowering the VDS of M4 too much pushes M4 to triode with a high output 

voltage of LNA.  

In [21, p. 69], the voltage gain of a source follower is given as a following: 

 

𝐴 = 𝑔 ∗
( )∗

       (4.3) 
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In (4.3), RS corresponds to the resistance seen at the source of M3, which in this case is 

related to output resistance of M4 which is parallel to load of source follower. Conse-

quently, we could have relatively high RS without losing too much voltage headroom. 

Ideally, AV would be near unity, but we will see later that at high frequencies the voltage 

gain is far from unity. 

When both stages are united, we will simulate the effect of small signal components at 

fixed bias point and see how well the transistors stay in the saturation region. With that 

information, we can tune the ID of M3 and the size of M4 in respect of linearity. 

4.2.2 White’s Cascode 

William Parker Finch discusses an improved emitter follower, a White’s Cascode in MSc 

thesis: Analysis of The White Emitter-Follower Amplifier [3]. The author describes the 

desired parameters of such circuit to be high input and low output impedance also stating 

that the circuit has voltage gain less than unity but adequate power gain due to high 

current gain [3, p. 1].  

In the thesis, Finch mentions that with White emitter follower, the input impedance is 

about 30 times higher and output impedance about 100 times lower compared to those 

of the normal follower [3, p. 3]. This is achieved by adding another BJT-transistor as seen 

in figure 32. 
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Figure 32. White’s emitter follower from [3]. 
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In figure 32, we can see that the emitter of Q1 is connected to output, as this is funda-

mentally an emitter follower. However, there is also a signal at collector of Q1, which is 

fed through C2 to the base of Q2 and from the collector of Q2 to the output. Consequently, 

we have the straight output from Q1 emitter but also twice an inverted signal through Q1 

and Q2  

In figure 33, we have made the corresponding MOS version of the circuit in figure 32 

using the current mirror biasing from figure 31. The load RL1 in figure 33 is now replaced 

with an inductor and in the following simulations we will cover the importance of this 

inductor LD2 and the feedback capacitor CF.  

 

 
Figure 33. Source follower with feedback capacitor CF and load inductor LD2.  

 

In figure 34, we have simulated the maximum gain of the White’s Cascode as a function 

LD2 with four CF values at 28GHz. We can see that even a small capacitor will have a 

major improvement on gain. We can also note that the larger the inductor LD2, the more 

diminishing is the improvement on gain. Consequently, we do not need a very large in-

ductor on the second stage if the feedback capacitor is large enough to provide low im-

pedance for the feedback loop. At least this seem to be the case when the source fol-

lower is studied without the common-gate. 
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In figure 35, we have simulated the frequency on which the gain reaches maximum as a 

function of LD2 using same capacitor values. We can see how these components create 

resonance with other capacitances in the circuit. In other words, the larger the capacitor, 

the smaller inductor is needed to maximize gain at 28GHz. 

 

 
 
Figure 34. Maximum gain of White’s cascode as a function of LD2 with five different 
CF values.  

 
 
Figure 35. Frequency of maximum gain of the White’s cascode as a function of LD2.  

With figures 34 and 35, we can reach the conclusion that using both LD2 and CF the gain 

of the second stage can be tuned and thus the gain of the whole LNA but what about the 

phase. In figure 36, we have set LD2 to 226pH/Q8.4 and checked the phase of the second 

stage gain with and without feedback. As in figures 34 and 35, we have CF as 30fF, 

150fF, 300fF and 600fF.  
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Figure 36. Phase of White’s cascode gain as a function of frequency.  

 

In figure 36, the phase of the second stage gain is only a few degrees at 28GHz and 

increases with frequency. The larger the CF the lower the frequency on which the phase 

starts to change. In figure 37, we can see that adding CF drops the output resistance 

from about 90Ω to close to 50Ω. The phase changes from -31.47° to -35.75°. 

 

 
 
Figure 37. Magnitude and phase of the output resistance with and without feedback. 
Values for CF and LD2 are 600fF and 226pH/Q8.4, respectively. 
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In figure 38, we have simulated the real and the imaginary part of the source follower 

input with feedback enabled. We can see at frequency of 28GHz that the ZIN is -123.7 – 

j457.2Ω. The impedance is highly capacitive, and magnitude is hundreds of ohms while 

the input resistance is negative. 

 
 
Figure 38. Input resistance and reactance of the source follower. 

 

In paper Source Follower: a Misunderstood Humble Circuit by Igor Filanovsky, Jani Jä-

rvenhaara and Nikolay Tchamov, the source follower is mentioned to have a negative 

resistance in case it is loaded capacitively [27]. Peter Staric and Erik Margan using JFET 

transistors discuss this same phenomenon in the book: Wideband Amplifiers [28, p. 312].  

Now this is interesting discovery if we consider (4.1) where input impedance of the CG 

is affected by loading. Consequently, we could have a situation in which the LNA input 

impedance becomes negative and with high enough loading and gain, is outside of Smith 

chart. This is one reason why this LNA cannot necessarily achieve very high gain since 

loading of LNA needs to be chosen such that it compensates the negative resistance. 

This compensation is discussed more thoroughly in [28].  

4.3 Two-stage LNA design process 

In this chapter, we combine the two stages at their current level and simulate transducer 

power gain, NF and input/output impedances followed by consideration in linearity and 

transistor small signal operation. Last, the transient response is discussed shortly.  
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In figure 39, schematic of the combined two-stage LNA is presented with bias point and 

component parameter values. Then these values are tuned accordingly to reach enough 

gain and NF at 28GHz followed by consideration in matching and linearity. 

 
Figure 39. The two-stage LNA with both the common-gate and the source follower. 

4.3.1 Gain and noise 

We start simulating LNA by taking the initial values from figure 39 and then changing 

them accordingly to reach 15dB gain at 28GHz. In figure 40, we see that gain is over 

16dB at around 25GHz while NF is slightly above 3dB. As the common-gate was tuned 

exactly to 28GHz in chapter 4.1.2, the change in the frequency is due to added capaci-

tance by the source follower. To tune the frequency back to 28GHz, the CD is changed 

from 40.6fF to 23fF.  

Now it was simulated the with less drain capacitance on CG-stage, the gain would in-

crease. Thus, we replaced the LD2 with 95pH inductor with Q of 4.4. Later it was realized 

that higher inductor value would serve better after linearity adjustment was done. How-

ever, it would take too much time to simulate everything in chapter 4 again so we con-

tinue with 95pH inductor.  

Other reason to decrease the LD2 is to increase output resistance as we can see how the 

resistance decreases when LD2 increases in figure 41. With original 226pH inductor, the 

resistance would be 0Ω. Now we will see in the following chapter that matching of input 

and output is not perfect. However, the values chosen in next chapters will lead to very 

good matching results after bias circuit and measurement pad model are added to de-

sign. 
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In appendix B, we have included results of output matching that lead to perfect 50Ω 

output impedance at this point of the design. However, as all the simulations in chapter 

4.3.3 - 4.3.6 are done with LD2 of 95pH, we will keep the old results and use appendix to 

feature any updates or proposals for better design choices. Overall, even if the matching 

done in chapter 4.3.2 had been perfect conjugate of 50Ω, it would have only applied with 

current component values with resistor bias and without measurement pad model. 

 

 

Figure 40. Gain and noise figure of LNA with initial and modified LD2 and CD values.  
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Figure 41. Input (blue) and output (red) resistances as a function of LD2. The RIN stays 
relatively constant but increasing LD2 decreases ROUT until the resistance becomes 
negative. 

4.3.2 Input/output impedance 

In this chapter, we will consider input and output impedances using Smith chart. The 

target is to find reasonable values for both DC-blocks and inductor LS so that both im-

pedances are inside Smith chart. We do not aim to do any conjugate matching at this 

point, however. 

The figure 42 presents the case where both DC-block capacitors are ideal 1μF and LS is 

ideal 1μH. All these values appear as micro-ohms in reactance and do not affect the 

overall input or output impedances. Consequently, we can now see the effect of each 

component in following simulations.  

In figure 42, input impedance is 57-j56Ω and output 8+j63Ω. If we compare the former to 

the figure 26 where the CG is loaded but not connected to the CD, the input is around 

the same resistive value having a bit more capacitive reactance. The output impedance, 

however, looks very different if compared to one in figure 37. The resistive part has 

dropped from around 50Ω to 8Ω while the reactance is on inductive side. Overall, both 

terminals require matching. 
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Figure 42. Input (blue) and output (red) impedance circles as a function of frequency. 
The impedance values are normalized to 50Ω, input being 57-j56Ω and output 
8+j63Ω. 

In figure 43, we have added a real MIM-cap of 305fF as CIN and a real inductor of 

257pH/Q18.3 as LS. Input impedance has sifted now from capacitive side to inductive 

with value of 50.4+j19.6Ω. The output has sifted further to the edge of Smith chart having 

impedance of only 3.1+j53.85Ω. Overall, the input matching is now rather adequate, but 

the output requires a matching network. 
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Figure 43. Input (blue) and output (red) impedance circles as a function of frequency. 
CIN is changed to a real MIM-cap of 305fF and LS to a real inductor of 257pH/Q17.6. 
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Figure 44. Input (blue) and output (red) impedances with COUT as a 305fF MIM-cap 
and series resistor of 15Ω at output node.  

 

In figure 44, we have added a MIM-cap of 305fF as COUT. Additionally, a resistor of 15Ω 

is added series to COUT at the output node. This helps to match the very low resistive 

value of the output. The output impedance is now 44.35+j58.65Ω while input is 

47.45+j37.4Ω. Consequently, improving the output matching has now worsened the in-

put matching.  

The result of impedances in figure 44 is not yet very good; however, we do not have the 

measurement pad model at this point. Consequently, adding pads will introduce addi-

tional capacitance and a small amount of resistance to input and output. Furthermore, 

we need to consider the inductance of transmission lines between all four terminals. 

Hence, the effect of the pad model to impedance matching is seen in chapter 4.5.1. 

4.3.3 1dB compression point and IP3 

To demonstrate the linearity of LNA we use too figures: 1dB-compression point (IP1dB, 

OP1dB) and third-order intercept point (IP3). The first represents the input power level on 

which the output has compressed 1dB compared to an ideal amplifier [16, p. 502]. The 
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IP3 represents the point where the 3rd harmonic power reaches the level of the funda-

mental signal [16, p. 505]. This point is theoretical, and no real amplifier can reach that. 

However, we can extrapolate the intercept point. 

In figure 45, we have both 1dB compression point and IP3. Power over the load on left 

image starts to diverge from that of the ideal curve with relatively weak source power. 

Consequently, the point where difference is around 1dB, occurs on -34dBm of power 

delivered by source. This means that to operate LNA in linear manner, the source power 

should be somewhat lower than -34dBm. If we look again the left image, the IP1dB without 

any compression is around -40dBm.  

 
Figure 45. 1dB compression point represented on left and IP3 on right. IP1dB occurs 
at -34dBm and IIP3 at -24.6dBm. 

 

On right in figure 45, the input third order intercept point is around -24.6dBm which is 

almost 10dB higher than the IP1dB. Both results are underwhelming, however, and need 

to be considered further. In next sub-chapter, we will check the operation points of tran-

sistors M1, M3 and M4. This should give us more insight on poor linearity.  

4.3.4 Transistor operation point 

To find out where the compression occurs and to find a possible solution to improve 

linearity, we will analyze the operation points of M1, M3 and M4. The idea is to see how 

the bias point varies with RF-signal. For M1, the change in VGS is minor, but there should 
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be a large variation in ID and VDS. Furthermore, we will see how the large voltage variation 

at the input of the second stage will shift the bias current ID in M3 and M4.  

The simulation setup is following. First, we make sure that all the small signal values of 

transistors are saved. Next, we run a periodic steady state (PSS) analysis and save 

values of the drain voltage vd and the drain-source current ids. Then, we use the transis-

tors in DC-simulation setup as in chapter 3.2.3 and create ID-VDS curves similarly to figure 

8. Last, we plot the data from PSS to the same figure as the DC-curves.  

In figures 46, 47 and 48 we have operation points of M1, M3 and M4 simulated with the 

source powers of -40dBm, -30dBm and -20dBm. We remember from figure 45 how the 

power delivered to load started to compress after -40dBm of source power. Conse-

quently, using much higher power levels, we can see major variation in ID, VGS and VDS. 

 

 
Figure 46. Small signal variation of M1 plotted to same figure with DC-curves.  
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Figure 47. Small signal variation of M3.  

 

 
Figure 48. Small signal variation of M4.  
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In figure 46, we can see that with high voltage gain of the first stage, M1 will move to 

triode region with too much power delivered to its input. However, if we consider figure 

47, we can conclude that M3 is more of a limiting factor than M1. In figure 48, M4 stays 

quite well under control with -40dBm and -30dBm powers but we can see that with -

20dBm the current reaches over 3.5mA.  

Now it becomes quite clear that if the bias is set around 1mA-1.5mA, it is quite absurd to 

expect the LNA to stay linear when the currents vary in within several milliamperes as 

we see in figures 47 and 48. One obvious solution would be to increase VGS of M3. How-

ever, this will set VDS of M4 closer to the triode region. Changing VGS of M3 without tuning 

W would also increase current and thus matching and power consumption.  

 

 
Figure 49. Voltages of LNA input (VIN), output of the first stage (VOUT CG) and output 
of the second stage (VOUT CD).  

 

Considering the small signal operating curves in figures 46-48, we can conclude that the 

second stage is the limiting factor considering linearity. This is emphasized further when 

we consider the figure 49 where benefits of the high voltage gain of the first stage are 

effectively killed by the second stage. The voltage swing at LNA output is only about 30% 

of the signal amplified by the first stage. Consequently, the second stage would need 

further tuning to improve the voltage gain closer to unity. 
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4.3.5 Linearity adjustment 

In this chapter, we want to examine ways to improve linearity by decreasing voltage gain 

of the first stage and improving the effect of the feedback in the source follower. Further-

more, we will increase current of the second stage. We consider four different cases: 

First, the initial stage as in figure 45. Then, in second case, we change LD1 from 

450pH/Q20 to 400pH/Q9.5. The loss in the gain is compensated by replacing LD2 of 

95pH/Q4.4 with 480pH/Q7.8. 

On third case, we increase the W of M4 from 40µm to 100µm. The VGS of M3 increases 

while VDS of M4 decreases and the current grows from 1mA to 2.4mA. To compensate 

the gain, we will replace the LD2 with 226pH/Q8.4 inductor. In the last case, we change 

LD2 back to 95pH but keep the current of the second stage at 2.4mA. The gain is then 

compensated by replacing LD1 to 337pH/Q13.4. The capacitor CD is adjusted in every 

case to set resonance to 28GHz. The results of gain and noise figure are presented in 

figures 50 and 51, and 1dB compression points in figures 52, 53, 54 and 55. 

 

 
 
Figure 50. Gains of the four simulation setups discussed earlier. There is some gain 
variation due to a limited library of discrete inductor values. For example, the case 4 
has about 1dB less gain than other setups. 
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Figure 51. Noise figures of the four linearity simulation cases. 

 

 
Figure 52. 1dB compression point in case where LD1 is 450pH/Q20 and LD2 
95ph/Q4.4. ID of M3 and M4 is 1mA.  
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Figure 53. 1dB compression point where LD1 is changed to 400pH/Q9.5 and LD2 to 
480pH/Q7.8. The ID of M3 and M4 is 1mA.  

 
Figure 54. 1dB compression point of case where ID of M3 and M4 is increased to 
2.4mA by changing W of M4 from 40µm to 100µm. LD1 is the same as in case two but 
LD2 has changed to 226pH/Q8.4 to adjust gain.  
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Figure 55. 1dB compression point where ID of M3 and M4 is 2.4mA but LD1 and LD2 
are changed to 337pH/Q13.4 and 95pH/Q4.4, respectively.  

 

Considering figures 52, 53, 54 and 55 we can see noticeable improvements in linearity 

but at the cost of noise figure and power consumption. In the second case, we have 

around 4dB improvement in OP1dB, but NF raises from 2.7dB to 3.2dB. In the third case, 

the NF is the same as in the second case, but power consumption increases by about 

1.5mW. In the last case, the NF is around 3dB and power consumption the same as in 

the third case. Ultimately, the changes set the LNA parameters beyond our target pa-

rameters. 

Now, if we consider the improvements in linearity, the third case has best OP1dB of around 

-11.5dBm followed by last case with -15.16dBm. The second setup has OP1dB of -

17.9dBm, which is also improvement but not clearly as noticeable. Overall, this simula-

tion shows the compromise between linearity, noise figure and power consumption in 

this design. So, in order to push the linearity further, we could increase the current of M3 

more but that would increase the power consumption. 
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Figure 56. RF-signal variations of M1 after linearity adjustment. 

 
Figure 57. RF-signal variations of M3 after linearity adjustment. 

 

In figures 56 and 57, we have the operation points of M1 and M3 to show further the effect 

of linearity improvement in case three. The output of CG is still large and approaches the 

triode region with -20dBm input but the maximum power, the source can feed to the first 

stage, is now clearly higher. As for the second stage, the operation point of M3 is within 



63 
 

saturation region with -30dBm input but enters clearly to cut-off with -20dBm. The results 

have overall improved compared to those in figures 47 and 48. 

 
Figure 58. LNA electrical schematic after linearity adjustment.  

In figure 58, we have updated the schematic that uses values from case three where W 

of M4 is 100µm, LD1 is 405pH/Q9.5, LD2 is 226pH/Q8.4 and CD is 37fF. In next sub-chap-

ter, we shortly consider the step response of the electrical circuit after which the temper-

ature independent bias circuit is introduced to the design.  

4.3.6 LNA transient response 

The simulations so far have included mostly DC and SP-analysis of LNA along with con-

sideration to compression point that consists of multiple runs of transient analysis. Addi-

tionally, in figure 49, we considered the time variant signals of input, and outputs of both 

stages. To study further the performance of the LNA we can consider so-called Step-

response of the amplifier using a ramp signal. 

The analysis consists of the ramp where input signal rises from 0V to 100mV during 

10ps. We can see in figure 59, where input signal is taken from net between source and 

CIN that it takes around 80ps for the signal level to rise from 0V to 100mV. Usually, rise 

time tr is related to the time when signal rises from 10% to 90%, in this case from 10mV 

to 90mV [29, p. 361]. In this simulation, we are, however, more interested what happens 

at the output.  

We can see in figure 59 that unit step at the input creates overshoot [30, p. 236-237] at 

the output that dies out with time. This means that this amplifier is underdamped [31]. 

We will leave the accurate study of poles and zeros for future design but generally, we 
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can conclude that in case of the overshoot and ringing as in figure 59, the frequency of 

ringing that is related to a complex conjugate pole pair, is closer to imaginary axis than 

real axis. All poles, however, are on the negative side of real axis and ringing dies with 

time [32]. 

 

 
Figure 59. LNA step-response 

 

4.4 Temperature independent bias circuit 

Up to this point, we have only considered LNA parameters as a function of frequency. 

All the results are simulated at 27° Celsius, but what if the temperature of device goes to 

50°C or even to 75°C? In optimal case, the gain would stay unchanged with even a large 

variation of temperature, but we see in later chapters that it is not achieved easily.  

In figure 60, we have gm-matching circuit from book: Operational Amplifier Speed and 

Accuracy Improvement by Vadim V. Ivanov and Igor M. Filanovsky [33, p. 44]. The book 

discusses the idea of the topology and how values of components should be chosen to 

achieve the temperature independent biasing but does not give any specific values for 

transistor sizes or resistor R1.  
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The idea is to bias the circuit such that transconductance of M9 is independent on tem-

perature. M8 and M9 should have equal currents achieved by matching M10 and M11. Then 

the transconductance of M9 is following: 

𝑔 = √2(1 − )/𝑅        (4.4) 

 

𝑁 = 𝑊 𝐿 /𝑊 𝐿        (4.5) 

In the bias circuit, M6 and M7 are tied to the current mirror of M8 and M9 and provide 

currents to common-gate and common-drain stages, respectively. M10 and M11 are bi-

ased with M12 and M13 and the temperature curve is dependent on the size difference of 

M8, M9 and R1. M14, M15 and M16 act as a start-up circuit making sure that all transistors 

turn on as the gm of M9 is not a function of current (4.4). 

 
Figure 60. MOS gm-matching bias by Vadim V. Ivanov and Igor M. Filanovsky.  

 

The circuit is biased such that all transistors are in saturation and the current consump-

tion of whole circuit is only 296µA. The sizes of M6 and M7 are chosen such that bias 

currents would be close to those in the resistor-biased circuit. Although the currents of 

M10 and M11 are not the same, we can see in figure 61 that this circuit provides very flat 

gain over the temperature compared to that of the resistor-bias.  
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Figure 61. Gain of LNA as a function of temperature. The gain with resistor bias (red) 
drops approximately 1dB between 0°C and 70°C whereas with the constant gm-bias 
circuit gain varies only about 0.05dB within the same temperatures. 
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Figure 62. Drain currents of the common-gate transistor M1 (blue) and the source 
follower transistor M3 (red) as a function of temperature when constant gm bias circuit 
is used. 

 

We can see a significant increase in bias currents in figure 62 with sharp peak at 75°C. 

This compensates the otherwise decreasing gain that is seen with resistor bias but as 

the current of the first stage increases the noise figure is also compensated as we can 

see in figure 63. However, the NF is now significantly higher than in figure 51, as it has 

increased from about 3.2dB to 3.8dB. In order to achieve NF closer to 3dB, the current 

of the common-gate needs to be increased or LD1 replaced with inductor of higher quality 

factor.  
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Figure 63. LNA noise figure as a function of temperature when gm-boosting bias cir-
cuit is used. 

 

The results in figures 61 and 63 seem promising and reaching flat gain and noise figure 

is possible. However, the bias circuit needs to be tuned very carefully and does not nec-

essarily work for all bias conditions of the LNA and every time the schematic of the LNA 

is changed, the bias needs to be considered. Furthermore, the high peak in current con-

sumption is problematic. Although, the LNA is specified to work up to 70 degrees, we do 

not know how adding non-idealities to the circuit affect the performance of bias condi-

tions. Consequently, the bias needs to be revised after layout is implemented.  

4.5 RFIC measurements 

Fabricating on silicon can be very expensive and thus, the designed product should per-

form similarly in measurements as in simulations. Unfortunately, this means that the sim-

ulated model of the circuit needs to match closely the measured product. For example, 
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in case of RFIC measurements, the contact pads can add significant capacitance, re-

sistance and inductance and in worst case, the device does not work if the model of 

contacts is not included in original simulations.  

Although, we do not aim to fabricate this LNA, we are including the measurement pad 

model within the design. We will also discuss the electrostatic discharge protection and 

give a short overview about RFIC measurement setup.  

4.5.1 GSG Measurement pads 

In order to ensure the proper performance of the IC design, on wafer measurements are 

performed using so-called ground-signal-ground (GSG) contact pads [34]. In this config-

uration each terminal consists of three pads, signal on middle surrounded by two ground 

pads. The sizing and spacing of these pads depend on the available measurement 

probes. In this case, we have decided to use 50µm2 pads that are separated from each 

other by 50µm. For example, Infinity Probes by Cascade Microtech [35] support this 

standard. 

All the pads are realized on metal11. Additionally, ground pads are connected from top 

metal to metal1. This approach is used also in [34] and [36]. Furthermore, all ground 

pads are connected by metal10 wire that circles the design. This enables easier and 

shorter ground connections all over the circuit.  

In figure 64, we have the base structure of GSG measurement pad model. Input terminal 

is placed on left, output on right and VDD on top. As in case of ground, VDD wire also 

circles the design. This enables a short access to both VDD and VSS that is required if 

ESD protection is added next to I/O pads. Moreover, each terminal, ground included, has 

multiple parallel metal resistors to separate pad model from other circuitry. This required 

for LVS check.  
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Figure 64. GSG-pad model. Every terminal has three pads of which the middle one 
is the signal and two others are grounds. Input terminal is placed on left, output on 
right and VDD on top.  

 

Now, considering the structure in figure 64, the pad design does not pass the Design 

Rule Check (DRC) due to exceeded metal widths. In case of existing pad models in 

Cadence Virtuoso library, all pads are constructed using 5µm strips which makes the 

design a lot more complex. Furthermore, the already existing pads are not necessarily 

compatible with 28GHz LNA, as for example, the signal path uses metal1 with much 

higher sheet resistance than in the metal11 strips.  
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Figure 65. LNA gain and noise figure as a function of frequency with and without 
measurement pad model.  

 
 

  
(a) (b) 

 
Figure 66. S11 and S22 of LNA without pads (a) and with pads (b). The pad model 
improves both impedances.  

 

We can see in figures 65 that the pad model improves gain and noise figure. We can 

also see in figure 66, that matching has improved significantly compared to one in figure 

45. Moreover, the extracted parasitics of the pad model further improve matching. How-

ever, this model is not yet very accurate since it only includes parasitic capacitances and 
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resistances. Consequently, any wire that connects I/O pads, VDD or ground will include 

series inductance.  

The series inductance of flat wire is estimated as follows [21, p. 765]: 

 

𝐿 ≈
.

∗  𝑛𝐻/𝑚𝑚        (4.6) 

 

𝐾 ≈ 0.72 + 1        (4.7) 

 

In (4.6) and (4.7), d is the distance between the used metal strip and the substrate. In 

case we use the top metal, the distance is 6.82µm. Consequently, we could use lower 

metal layers to decrease the inductance but that would increase the series resistance 

and limit the maximum current density. By increasing the width of the trace (W), we can 

decrease the inductance and since we do not use DRC in pad model, we may use wider 

than 5µm traces if needed. In the end, we will revisit the eq. 4.6 and 4.7 once the layout 

is ready and we know the lengths of connect wires. 

4.5.2 Electrostatic discharge protection 

In addition to pads, it is important to discuss electrostatic discharge protection (ESD) in 

the design as well. There are multiple ways to realize ESD protection in the measurement 

pad design. In paper [37], different methods are discussed and compared. It is said that 

the simplest way to realize ESD is to use only diodes such that one diode is between 

signal pad and VDD, and another between signal pad and ground as seen in figure 68a. 

In normal operation these diodes are reverse biased but there is still some leakage cur-

rent and it is mentioned [37] that this ESD structure can have significant capacitance of 

near 500fF and has substantial insertion loss on high frequencies. 
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Figure 67. Two proposed ESD protection methods. In b), the insertion loss is coun-
tered by using LC-tank in series with diodes. 

 

In order to counter the high insertion loss of conventional ESD protection circuit, we in-

troduce LC-tank as in figure 67b [37]. Now, the LC-resonator is designed such that high 

impedance series with diodes is achieved near the operation frequency. This provides 

much lower insertion loss but since two inductors are needed, the size of this ESD struc-

ture is much larger.  

The paper [37] also introduces many other ESD circuits but nearly all of them use at least 

one inductor. Even at 28GHz, that inductor would take a significant amount of space on 

the chip. Moreover, depending on the ESD structure, the effect of measurement pads 

can have a significant effect on I/O matching.  

The Cadence Virtuoso library also includes NMOS and PMOS transistors for ESD pro-

tection. These transistors are connected as the diodes in figure 67a to release the dis-

charge to VDD or VSS rails. The problem with these transistors is the very large size of 

560µ/200n that leads to large capacitances between I/O pads and VDD and I/O pads and 

ground. For example, the extracted source-drain capacitance CSD of one of these tran-

sistors is near 100fF that is about 57Ω path from signal to ground. Consequently, there 

will be significant losses at input and output with only transistors as ESD protection.  

As already mentioned, using frequency selective impedance in series would decrease 

the loss but we do not want to introduce any additional inductors in this design. Conse-

quently, the pad model without ESD is used from now on. 
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4.5.3 RFIC measurement setup 

In on-chip RFIC measurements, small probes are placed on contact pads providing path 

for I/O, VDD, ground or any other terminal. Compared to PCB measurements where RF 

input and output terminates to 50Ω SMA connectors, for example, and are connected 

with coaxial cables, the IC measurement setup is much more complex. 

First, in order to position the probes correctly, microscope is needed as the contact pads 

can be only a few dozen of µm2. Second, any EM interference should be prevented by 

using proper shielding. Last, for accurate measurements, the room temperature has to 

stay constant and the workbench, on which the measurement happens, cannot move 

due to any vibrations etc. [38]. The points above, among many other things, make on-

chip RFIC measurement setup very expensive. 

 

 
 
Figure 68. Illustration of a basic RFIC measurement setup.  

 

As in PCB measurements, one needs to choose proper cables that suffice the used fre-

quency. In IC design, the used probes must also be compatible with used contact pad 

sizes. Furthermore, the effect of cables and other measurement equipment needs to be 

de-embedded by calibrations. One way to do it is so-called Short-Open-Load-Thru 

(SOLT) [38] calibration where both probes are terminated to short, open and load indi-

vidually, and then to each other via thru. Usually, the calibration is done for certain fre-

quency and power range and the measurement might not be accurate outside these 

ranges. 
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In figure 68, we can see a simplified RFIC measurement setup. We can see that three 

probes are placed on GSG-pads for input, output and VDD. The VDD probe is connected 

to power supply, and input and output to vector network analyzer (VNA). 

Usually, if the device is designed for low-voltage operation the battery voltage is regu-

lated to lower voltage level by using e.g. low-dropout regulator (LDO). This regulator also 

adds some noise, which should be considered. Due to the limited schedule, we will leave 

out the modeling of the effect of power supply noise in this thesis.  

4.6 Results of the electrical design 

The simulation results of the LNA electrical design are presented in this chapter along 

with modifications. Final component values are listed, and the schematic is drawn to 

show bias points on both the LNA and the bias circuit. Gain, noise figure, s-parameters 

and 1dB compression point are given in both frequency and temperature variable.  

4.6.1 Schematic modifications  

In this chapter, last modifications are done until the final layout version is shown and 

discussed. Before setting the final component values, a couple of compromises must be 

discussed. First, we will see that the flatness of gain as a function of temperature is also 

dependent on maximum gain. Thus, we must choose between gain flatness and maxi-

mum gain value. The simplest way to change gain is tune LD2 and we can see how dif-

ferent inductance values affect the gain as a function of temperature in figure 69. The 

inductances, Q-factors and gain deviations are listed in table 4.  

 

Table 4. List of inductors used in gain vs. temperature simulation and gain values in 
0°C and 60°C with subtraction. 

# L Q-factor GT (T=0°C) GT (T=60°C) ΔGT 
1 149pH 5.32 15.65dB 15.44dB 0.21dB 
2 163pH 5.55 16.22dB 15.93dB 0.29dB 
3 187pH 5.68 17.21dB 16.72dB 0.49dB 
4 207pH 6.15 18.02dB 17.34dB 0.66dB 
5 227pH 8.4 18.92dB 17.98dB 0.94dB 

 
 

In table 4 and figure 69, we can see how the gain deviation increases when inductance 

and maximum gain are increased. On one hand, we could settle for little over 15dB gain 

over the temperature up to 80°C, with very flat gain between 0°C and 65°C. On the other 

hand, we could try to reach over 18dB gain with much worse temperature coefficient. 
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Ultimate, the choice for LD2 depends on the layout and the layout parasitics. After extrac-

tion, we might not have a choice but to use smaller LD2. 

 

 
Figure 69. LNA gain as a function of temperature with five different LD2 from table 8. 

 

Second compromise is the noise figure versus power consumption. By adding more cur-

rent to the common-gate, we can decrease the NF but power consumption rises as well. 

Another way to improve noise is to add inductor LD1 with better Q-factor. This will, how-

ever, add the voltage gain of the first stage and reduce the linearity as we saw in chapter 

4.3.5. By adding LD1 with Q of 20, the LD2 would have to be reduced significantly; other-

wise, gain will increase beyond 20dB. By doing the latter, we can reach NF of 2.6dB but 

the IP1dB will shift from -24dBm to -30dBm. As the linearity is already rather poor. We will 

keep the LD1 with Q of 9.5.  

In figure 70, we have simulated LNA noise figure as a function of M1 drain current. We 

can see how noise decreases logarithmically when more current is added. The markers 

on figure 70 show that the 1.5mA we used originally to bias the common-gate is not 

enough to realize the targeted minimum NF of 3dB. Hence, we must increase the drain 

current to 2mA. We could increase the common-gate bias even further but with dimin-

ishing return in NF. 
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Figure 70. LNA noise figure as a function of M1 drain current.  

 

Considering the layout, we want to change all current mirror configurations such a way 

that the transistors match with each other. This means that all transistor blocks have 

same channel width and the number of fingers, and only multiplier is varied. For simplest 

approach, we use maximum of 10µm width for each transistor block. This means that 

total width of M2 and M5 has to increase to 10µm and thus the current provided by M6 

and M7 has to increase as well.  

In figure 71, we have the electrical design with the final component sizes and bias points. 

The common-gate drain current has now increased to keep noise figure close to 3dB. 

Furthermore, size of M6 and M7 was increased to increase the bias current to M2 and M5. 

In the end, we simulated the total power consumption as 6mW, which is double of the 

targeted 3mW.  

In schematic, the LD2 is set to 187pH, the same inductor as #3 in table 4. We have also 

doubled the width of M12 for best compromise between gain and gain flatness over fre-

quency. Also compared to figure 58, CD, LS and CF have changed values to tune center 

frequency, better match input impedance and tune down the LNA gain. 
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Figure 71. Final schematic of LNA electrical design with external bias. 

 

4.6.2 Results of gain and noise figure 

Using the schematic in figure 71 with pad model parasitics included, following results for 

power gain and noise figure are simulated as both frequency and temperature variant 

seen in figure 72. In (a), maximum gain of 17dB is reached at 27.7GHz. The small shift 

in frequency does not matter as the layout will add significant capacitance and center 

frequency will move to even lower frequency. 

The gain drops now approximately 0.5dB between 0°C and 70°C in (b), which is not 

optimal but much better than what we achieved with resistor bias. In (c), the noise figure 

has minimum value of 3.069dB at 28GHz and stays under 3.5dB within 4.5GHz band-

width. In addition, NF is kept under 3.1dB on all temperatures in (d), although, the sharp 

drop after 70°C indicates something drastic happening to LNA. Overall, the circuit per-

forms adequately up until 70°C, which is good enough for this design. 
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(a) (b) 

(c) (d) 
  

Figure 72. Gain and noise figure simulation results. (a) Gain versus frequency. (b) 
Gain versus temperature. (c) Noise figure versus frequency. (d) Noise figure versus 
temperature.  

 

4.6.3 Results of I/O impedances and reverse isolation 

In figure 73, I/O impedances, matching and reverse isolation is considered. The S11 and 

S22 in (a) are less than -20dB at around 28GHz. It is good to have very good matching 

on electrical design as the layout parasitic can deteriorate matching significantly. For, 

example, any positive feedback due to parasitic capacitance can move the impedance 

circles near or outside the borders of Smith chart.  

The matching is adequate in temperature variant as well, although the S11 and S22 in-

crease with temperature. However, the return loss does not drop below 10dB in any 

temperature and has extremely good values near 0°C. In (c), we can see that both im-

pedances are almost at 50Ω, input being 48.65-j3.1Ω and output 47.7-j9.45Ω. Both val-

ues are very good but are expected to shift once layout parasitics are included. Lastly, 

in (d), the reverse isolation is around -29dB at center frequency. This means that any 

signal from output to input will attenuate almost 30dB.  
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(a) (b) 

 

(c) (d) 
  

Figure 73. Matching and reverse isolation of LNA electrical design. (a) S11 and S22 in 
frequency plane. (b) S11 and S22 as a function of temperature. (c) I/O impedances on 
Smith chart. (d) Reverse isolation in frequency plane.  

4.6.4 Stability and linearity 

In this thesis, we have left out proper stability analysis on purpose, but we are going to 

use so called Rollet’s stability factor [16, p. 545] as a figure of merit in final schematic 

and layout results. In theory [16, p. 545], the system is unconditionally stable when this 

factor is more than one. We do not make such claims in the thesis, but it is interesting to 

see how this factor changes between schematic and layout.  

We can see in (a) and (b) that the so-called K-factor mentioned earlier is more than one 

between 24-32GHz and -50 - 100°C. This is in line with impedance circles that are both 

well within the Smith chart. This is good enough stability analysis for this thesis.  
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(a) (b) 

  
(c) (d) 
  

Figure 74. Stability factor and 1dB compression point of LNA electrical design. (a) 
Rollet’s stability factor in frequency plane. (b) Rollet’s stability factor as a function of 
temperature. (c) 1dB compression point. (d) IP1dB as a function of temperature. 

 

In (c), IP1dB sets around -24.5dBm and corresponding output value is -8.83dBm. Now 

these values are within specified but are still rather poor compared to other LNAs in table 

1. This one aspect would need to be considered further in future development. As a last 

result, the temperature dependence of linearity is simulated in (d) and the IP1dB improves 

linearly with temperature. One reason for this is the decreasing gain but we can see that 

the linearity improves much higher rate than the gain drops in figure 72b. In addition, the 

ID of M3 that increases with temperature improves the linearity as well. 

4.7 Corner analysis 

The corner analysis on IC design is based on the reality that fabrication parameters vary 

on silicon wafer. Thus, so-called process corners are established to model the extreme 

ends in deviation of fabrication parameters. These process corners could include, for 

example, different speeds of transistors that could mean significant differences in switch-

ing, for example [39].  
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(a) (b) 
  

Figure 75. LNA gain and noise figure with slow, typical and fast transistor process 
corners. 

 

We can see in (a), that process corner affects both gain and frequency, slow transistors 

having lowest gain and center frequency. The effect is noticeable, but it can be countered 

by tuning the load. Much more significant is the effect on noise figure in (b). With fast 

transistor corner, the NF is near 2.5dB, about a 1dB difference compared to slow corner. 

The typical value is slightly worse than the Monte Carlo value we had in figure 72 but not 

enough to simulate all schematic parameters again. 

4.8 Conclusion of electrical design 

The results of electrical design are all near or within specified target values expect power 

consumption that had to be doubled to improve noise figure and linearity. The linearity 

was also improved by decreasing the gain of the first stage. Using a lossier inductor as 

load of the common-gate decreased voltage gain and allowed use of higher input power 

before the second stage would distort. This, however, added more noise to the signal.  

Transistors M1 and M3 were sized regarding the transconductance which directly affects 

the input impedance of CG and output impedance of CD. The further matching of the 

input stage was done by choosing LS and CIN sizes and by tuning both the load and the 

bias current. At the output, series resistor was added since the feedback in White’s Cas-

code lowered the output resistance.  

Bias circuit component values were chosen such that all transistors were set in saturation 

and that circuit would turn on and keep the gain stable with respect to temperature. When 

ID of M1 was only 1.3mA, the gain was achieved flat but with increase to 2mA in the final 

results, the compromise between lower noise and higher gain were apparent and gain 
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now drops slightly over temperature. Overall, the results of the electrical design are good 

and all within or very close to those specified in chapter 2.3.  
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5 PHYSICAL DESIGN 

In Cadence Virtuoso layout design, the schematic created in the electrical design is 

transformed to physical layout using the components introduced in chapter 3. The sche-

matic is divided in individual blocks of LNA, bias circuit and measurement pad model that 

all have their own cellviews. These cellviews are then included in a higher hierarchy 

cellview that is extracted. On more hierarchy level is added which includes also three 

inductors but this level is not extracted as the inductors already include parasitics.  

The designing layout includes optimal component placing, routing and testing. Also 

choosing proper metal layers is crucial. Routing of components must be done carefully 

to avoid problems with unwanted coupling and to reduce parasitics. In addition, the rules 

of 45nm GPDK has to be followed so that the design passes the DRC check. Overall, 

the layout design is done hand in hand with the electrical design and the following chap-

ter will only consider the final iteration of the layout. 

After the layout is finished, parasitics are extracted and LNA with bias and pad model is 

simulated in test-bench after which some component changes are done to fix possible 

deviations due to added layout non-idealities. In the end, post-layout results are shown 

with respect to the results of the electrical design and the target parameters decided on 

chapter 2.4. The overall results are then discussed in conclusion in chapter 6 and the 

future development is mentioned in chapter 7. 

5.1 Physical design planning 

Physical design planning considers mostly the optimal component placement and rout-

ing. The more time given on planning, the less the circuit has to be changed when routing 

some component is found impossible or inconvenient. The emphasis is on the first stage 

of LNA as it has the most significant effect on RF-parameters. Routing is done such that 

the RF-signal path does not have unnecessarily long lines. In addition, the ground is 

placed such that all components receive short distance to large ground area. All these 

steps are carried out with consideration to sheet resistances and current densities men-

tioned in chapter 3. 
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5.1.1 Design rules 

Design rules include the Design Rule Check (DRC) that considers, among other things, 

the minimum distance between same metal traces, the maximum trace widths and 

proper separation of substrate connections. Especially the distance between same met-

als is very often the reason for errors in DRC. Fortunately, the Cadence has included 

tool that reports when designer is about to place same metals too close to each other.  

The minimum distance depends on used metal, for example, in case of metal11 and 

metal10, this distance is 1.3µm. The overall reason for this rule is to make sure that finite 

accuracy in fabrication does not create unwanted connections etc. In addition, the fact 

that Virtuoso notifies if one is about to connect metals too close to each other, is helpful 

Another test that is required for parasitic extraction is Layout Versus Schematic (LVS) 

that inspect that everything in the layout is connected as in the schematic. For example, 

the substrate connections to all components in layout side are often forgotten although 

the DRC should also warn against that. The debugging of LVS errors can be tedious so 

the components should be connected very carefully. It should also be noted that extrac-

tion cannot be done unless LVS check is clean.  

5.1.2 Sheet resistances and current densities 

As shown in GPDK manual [22], metal layers differ in thickness, maximum current den-

sity per micrometer and sheet resistance per square. That is reason why top metal11 is 

used in cases where low resistance and high current is especially important. Input and 

output connections between pads and LNA are placed on metal11 so is the trace of 

voltage power supply. Additionally, ground is realized on metal10.  

The current density is important especially when biasing is placed on transistors. The 

traces and vias are added such that they are well within the maximum current ratings. 

However, it is not always beneficial to use too many vias or too wide metal traces, as 

they will also add parasitic capacitance that can affect the performance significantly. This 

is emphasized in more detail once transistor routing is discussed. 

One essential aspect is the grounding of components such that parasitics are minimized. 

This includes also any inductance that is included in long and narrow wires. Conse-

quently, large ground areas circulate between components and thick wires are used to 

connect the LNA to ground pads in order to minimize the effect of resistance and induct-

ance toward ground. One good example is the body effect of transistors that depends on 

how well the substrate connection is realized in the design. 
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5.1.3 Component placement 

Component placement starts with a floorplan where large blocks such as inductors and 

capacitors are placed in respect to transistors that take very little space compared to 

passive components. Although it is not required, we shall use the schematic as guideline 

for component placement. In other words, the LD1, for example, is placed on top left cor-

ner and LD2 on top right corner.  

Now, the placement of components is also based on the previous measurement pad 

model where VDD and ground potentials were not drawn to surround LNA as was done 

in figure 64. In other words, the pad model was designed such that VDD was only acces-

sible on top and ground on bottom of layout. Consequently, LD1, LD2 and bias were drawn 

on top closest to VDD terminal and LS and CG on bottom closest to ground terminal. In 

addition, CG capacitor was divided such that bias circuit could also access the CG as a 

ground terminal.  

 

 
 
Figure 76. Floorplan of LNA layout.  
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In figure 76, we can see that there is no need to connect inductors directly to LNA tran-

sistors but instead use large capacitor areas that are tied to same nodes in the schematic 

to connect them much more flexible. Consequently, the CG and CF capacitors are used 

to connect the LNA and the bias circuit together as their large top metal areas provide 

low resistance paths for bias currents.  

5.2 LNA physical design steps 

Design steps of the layout constitute of connecting transistors and capacitors in both 

LNA and bias circuit, connecting all components together on their respective cellviews 

and lastly connecting LNA, bias, inductors and pads together. Now, the inductors already 

contain extracted parasitics thus they are not included in parasitic extraction. Moreover, 

we will only extract parasitics of the LNA, bias and pad layouts and use individual 

cellviews with parasitics in the final test-bench. 

The capacitor blocks are aligned such that they fit properly with other components as 

planned and are separated 1.5µm for each other. Transistors are separated similarly 

such that M1 and M2 create their own block and M3, M4 and M5 their own. In the bias 

circuit, PMOS and NMOS transistors are placed into their own blocks.  

 

 

Figure 77. Top view of M1 and M2 transistor’s layout. 
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Figure 78. Top view of M3, M4 and M5 transistor’s layout. 

 

We can see in figure 77 that drain and source vias of M1 do not overlap to minimize the 

capacitance between drain and source. The source terminals of M1 are also connected 

to wide metal3 wire to minimize input noise. In figure 78, two extra dummy transistors 

are added to make an even block of 3x5 transistors. In both figures 77 and 77, the current 

mirror transistors M2 and M5 are sized similarly to other transistors for uniform assembly. 
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Figure 79. Layout of bias circuit. 

 

The layout of the bias circuit is presented in figure 79. Most of the space is taken by C1 

although it is only sized to 180fF. Configuration of the bias layout differs somewhat of 

that of the LNA. For example, the PMOS transistors must be separated from NMOS as 

their guard rings are tied to VCC instead of VSS. Thus, the transistor placement in the bias 

circuit is somewhat more dispersed compared to LNA layout.  



90 
 

 
Figure 80. LNA and bias circuit layouts. 

 

The LNA and bias circuit layouts are combined in figure 80 with addition of three induc-

tors of the design. The inductors are connected to LNA although this hierarchy level is 

not extracted. For this reason, any changes to circuit by replacing inductors is much 

faster and easier compared, for example, to changing the transistor sizes.  
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5.3 Physical design results 

In this chapter, the initial results for gain and noise figure are presented and compared 

to those in the electrical design after which the layout of LNA, bias circuit and pad layout 

are modified until the results are adequate and match the electrical design as closely as 

possible. This includes tuning center frequency to 28GHz, modifying gain and matching 

if needed, and adding series inductances between measurement pads and LNA termi-

nals.  

5.3.1 Initial results 

As expected, the center frequency drops after layout parasitics are added to the design 

as we can see in figure 81. The center frequency is now at around 24GHz with gain of 

13dB. The interesting aspect is that the noise figure with layout parasitics included is 

only 2.4dB. This is due to increased current in the first stage. 

 

 
Figure 81. Gain and noise figure of electrical design and post layout design.  

 

Now in the post-layout simulations the current consumption of whole design has in-

creased to almost 17mA, which is around four times the current consumption of the elec-

trical design. In figure 82, we can see how currents of both M1 and M3 have increased 

drastically. It was concluded that the currents are normal if the extracted values of the 

bias circuit were left out. Hence, the bias circuit needs to be analyzed furthermore.  
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Figure 82. Post-layout currents of whole circuit, M1 and M3.  

5.3.2 Layout modifications 

We start modifying the circuit by starting with the bias circuit. First, we can conclude that 

the low noise in figure 75 was due to the high current consumption that occurred also 

with the fast corner and this issue of the high currents is not tied only to layout. Conse-

quently, we tested that when the extracted parasitics are included, almost all transistors 

M6-M13 have VGS close to 900mV which explains the high currents.  

If we investigate further, we can conclude that VGS of M12, which defines the currents of 

M13 and thus M6-M11, changes drastically after certain size is exceeded. Transistors M9, 

M11, M12 and M13 create a feedback loop seen in figure 71. In case where the current 

through M9 rises, VDS of M9 should decrease and thus the VGS and ID of M12 should drop 

as well. However, after size of M12 increases enough, the VGS and ID of M12 rise very 

rapidly and M12 sets to the triode operation region.  

The external bias circuit would need to be analyzed much more carefully in order to 

understand why this phenomenon occurs when the M12 size is increased. However, such 

analysis is beyond this thesis, the focus being on the LNA operation. Thus, the W of M12 

decreases from 5.76µm to 2.88µm, which was the original size, set in chapter 4.4. This, 

however, drops the overall current through M1, which affects the noise figure and input 

matching of the LNA. Consequently, the width of M6 is changed from 4.32µm to 5.4µm. 

The resulted currents can be seen in figure 84. 
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Figure 83. LNA total current consumption (blue), M1 current (red) and M3 current 
(brown) as a function of temperature.  

 

As seen in figure 81, the center frequency has now shifted about 4GHz down when the 

additional parasitic capacitances where added to the simulation. However, this was to 

be expected and the frequency is easily corrected by removing the capacitor CD from the 

design. However, as we can see in figure 84, the gain in (a) is now much higher than in 

the electrical design and the input impedance in (b) is outside of Smith chart.  

 

(a) (b) 
  

Figure 84. Gain and noise figure as a function of frequency (a) and I/O impedance in 
Smith chart (b). 
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The input impedance circle decreases when gain is decreased by replacing the LD2 with 

a smaller inductor. Additionally, the CIN and LS are replaced for final tuning. Moreover, 

the inductances added to the pad model wires affect both matching and gain. The in-

ductance towards to ground is especially problematic and even a small inductance can 

have a significant effect on the performance of LNA. 

 

(a) (b) 
Figure 85. (a) The effect of ground inductance to gain and noise figure and (b) to S11 
and S22. 

 

In figure 85, we can see how added inductance towards ground lowers gain and in-

creases noise figure in (a) and while the input matching improves, deteriorates the S22 

and turns to positive in (b). After about 10pH the output return loss is less than the tar-

geted 10dB. Consequently, the pad model is tuned such that ground areas are increased 

to minimize the possible inductance. However, without proper EM simulator, it is difficult 

to estimate this inductance accurately. 

Final component values of the post-layout LNA and the bias circuit are listed in table 5. 

The LC-tank of the first stage consists now only on the inductor LD1 that is kept the same 

as in the electrical design. Transistor M6 is larger than in the electrical design to add more 

current to the first stage. The M12 had to be downsized for stable operation of the bias 

circuit. Furthermore, transistors M14 and M15 have now channel length of 150nm to im-

prove their performance as a current mirror. 

Other notable changes are the CIN and LS. The former was reduced from 304.75fF to 

182.85fF and LS increased from 194pH to 215pH. These changes improve the input 

matching that was deteriorated due to the added parasitic capacitance between source 

and drain of M1.  
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Table 5. . Final component values for post-layout LNA design. 

Component Size Component Size 

M1 90µm/45nm M16 720nm/150nm 

M2 10µm/45nm CIN 182.85fF 

M3 40µm/45nm COUT 304.75fF 

M4 110µm/45nm CG 731.4fF 

M5 10µm/45nm CF 487.6fF 

M6 5.4µm/150nm C1 182.85fF 

M7 8.64µm/150nm LD1 405.2pH/Q9.6 

M8 2.16µm/150nm LD2 159pH/Q5.54 

M9 1.08µm/150nm LS 215.3pH/Q17,4 

M10 1.8µm/150nm ROUT 15Ω 

M11 1.8µm/150nm R1 2.08kΩ 

M12 2.88µm/150nm LVCC 44pH 

M13 1.8µm/150nm LVSS 10pH 

M14 720nm/150nm LIN 48pH 

M15 720nm/150nm LOUT 180pH 

 

In figure 86, we present the final layout with measurement pad model included. Trans-

mission lines to connect In, Out and Battery are now included and marked on red. The 

inductance values in table 5 correspond to these lines, however, we left out the LVSS as 

it is incorrect. As we said earlier the ground area and its inductance is somewhat prob-

lematic to estimate by hand thus, we have only used LVSS as 10pH, which is the highest 

amount of inductance this circuit can tolerate without modifications. 

In figure 87, we can see the 3D view of the bias circuit as an example how the layers are 

illustrated from top to bottom. IC Design Group of University of Twente created the GDSII 

Viewer that enables such 3D views of layouts as seen in figure 87. It should be noted 

that not all metal layers correspond to same colors as in the Cadence layout. For exam-

ple, we can see how metals 8-11 are all orange in figure 87. 
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Figure 86. Final LNA layout with the measurement pad and the final values from table 
9. 

 
 

 

 

Figure 87. 3D view of the bias circuit. 
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In figure 86, the size of LNA with pads is 450µm x 350µm and without pads 140µm x 

146µm. This equals to areas of 0.1575µm2 and 0.02044µm2. Only paper [15] is compa-

rable (with pad model in use) otherwise this LNA takes significantly less space on the 

chip compared to any other LNA in table 1.  

5.4 Final results 

Final post-layout results are presented in figures 88-91 with a comparison to results of 

the electrical design. Both frequency and temperature variants are presented for gain, 

noise figure, S11, S12, S22 and Rollet’s stability factor KF. The linearity factors (IP1dB, OP1dB, 

IIP3, OIP3) are simulated at f = 28GHz and T = 27°C. In addition, step-response is pre-

sented in figure 92. Last, the parameters of both the pre- and the post-layout along with 

the target specifications are listed in table 7. 

5.4.1 Gain and noise figure 

In figure 88, gain and noise figure are simulated both as a function of frequency and as 

a function of temperature. In (a), the gain of the post-layout LNA has dropped about 

1.35dB and the center frequency shifted up about 440MHz. The -3dB bandwidth in the 

post-layout LNA is between 26.87GHz and 29.39GHz hence BW is about 2.52GHz. In 

(b), the gain drops 0.39dB in the pre-playout and 0.67dB in the post-layout when the 

temperature increases from 0°C to 70°C. This is due to the change in M12 that had to be 

downsized in order to stabilize the bias currents, but which also affected the temperature 

dependence of said currents. 

In (c), the minimum noise figure has shifted to around 26.75GHz in the post-layout design 

whereas in the pre-layout the NF minimum occurred at 28GHz.  Consequently, NF has 

moved to opposite direction compared to gain in (a). Hence, the NF in post-layout is now 

about 0.13dB higher than in the pre-layout. At maximum gain at around 28.2GHz, the 

noise figure is 3.2dB.  

In (d), the noise figure of pre-layout at 28GHz never increases beyond 3.1dB when tem-

perature increases to 100°C. In pre-layout, the NF drops sharply after 70°C due to a very 

sharp increase in bias currents as we saw in figure 62. In post-layout, the same drop 

happens at around 95°C and the noise figure rises from around 2.57dB to 3.48dB be-

tween temperatures of -50°C and 100°C.  

 



98 
 

(a) (b) 

(c) (d) 
Figure 88. Post- and pre-layout gain and noise figure results as a function of fre-
quency and temperature (a)-(d). 

 

Overall, all post-layout results in figure 88 are worse than those of in the electrical design, 

which was to be expected as the layout parasitics affect the performance in great deal. 

The maximum gain is still within the specified target value; however, the flat temperature 

curve could not be achieved. As for the noise figure, the 3.2dB at 28.2GHz is not that far 

from targeted 3dB although the minimum noise shifted to a lower frequency.  

In table 6, we have listed 10 most relevant noise sources in post-layout LNA design. We 

can see that input port contributes to almost half of the total noise in system followed by 

resistances in inductor models as seen in figure 5. As we have discussed before, the Q-
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factor of LD1 affects the overall NF and in post-layout LNA four resistors in LD1 generate 

more than 10% of noise. Furthermore, LS also contributes to noise although it is designed 

to have as high Q as possible. One more thing to note is that even though the input port 

contributes almost half of the total noise, it is not included in noise figure of LNA and the 

LD1 is the most significant factor for NF.  

Table 6. Noise summary of post-layout LNA. 

Device Parameter Noise Contribution (V2/Hz) % Of Total 
Input Port R 7.37e-18 47.44 
rs1 (LD1) R 6.54e-19 4.21 
rs2 (LD1) R 6.34e-19 4.08 
rs2 (LS) R 3.67e-19 2.36 
rs1 (LS) R 3.38e-19 2.17 
rs11 (LD1) R 1.90e-19 1.22 
rs22 (LD1) R 1.83e-19 1.18 
rs1 (LD2) R 1.45e-19 0.93 
rs2 (LD2) R 1.43e-19 0.92 

5.4.2 Matching and isolation 

In figures 89a-f, we have simulated S11, S22 and S12 as a function of both frequency and 

temperature. In (a), we can see that S11 in post-layout has worsened by a quite margin 

still being within specification at 28GHz but not within the whole -3dB bandwidth. Along 

with the center frequency, S11 suffered most from the added parasitics of the layout. As 

a function of temperature (b) the S11 stays under -10dB within the whole range. 

In (c), we see how the minimum S22 has now shifted to higher frequency. This could have 

been countered by adding more series inductance to output but since the S22 stays under 

-10dB with all frequencies from 24GHz to 32GHz, we chose to leave it as it is. It must be 

noted, though, that without the measurement pad model and the long wire at the output, 

the output matching would require an additional inductor series at the output. The tem-

perature behavior of S22 is like S11 and stays under the specification on whole range of 

temperatures. 

The S12 in (e) has now opposite behavior in the post-layout design than in the electrical 

design, as the minimum value is set around the center frequency whereas in the pre-

layout the S12 maximum was at 28GHz. This is somewhat strange that the isolation im-

proves around frequency of the maximum gain. One could expect the opposite as in the 

pre-layout. In (f), the S12 worsens slightly over the temperature in case of the post-layout, 

opposite to that in the pre-layout. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 
  

Figure 89. Pre- and post-layout results of S11, S22 and S12 as a function of frequency 
and temperature.  
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Overall, the results of S11, S22 and S12 are adequate enough in the post-layout design 

although S11 and S22 worsened by a quite margin compared to the pre-layout. The match-

ing at a narrow range over the center frequency is good enough, however. 

5.4.3 Stability and linearity 

In figure 90, the Rollet’s stability factor is shown as a function of frequency (a) and tem-

perature (b) for both the pre- and the post-layout LNA. In all cases, the KF stays well 

above one. In [26, p.259], it is said that this method of measuring stability is pessimistic 

as it considers all source and load impedances. For example, some device could be 

stable in case it is terminated to 50Ω but could oscillate if, for example, the source is 

removed and left open (close to infinite source impedance). Consequently, even if the 

KF was less than one, the LNA could still be stable with 50Ω source and load. 

In case of stability, we are more interested to know how the impedances are placed on 

Smith chart and that both S11 and S22 are negative over all frequencies on which LNA 

provides positive gain. Moreover, we want to see the final step response to see if LNA 

starts to oscillate. This is enough for stability in this thesis. 

As for linearity of the post-layout LNA, the 1dB compression point is presented in (c) and 

third order intercept point in (d). The OP1dB is around 1dB worse in the post-layout than 

in the electrical design but the IP1dB is close to same since the gain of electrical design 

is higher than that of the physical design. The final values for OP1dB is -9.775dBm that is 

barely above the target of less than -10dBm. OIP3 is -3.7dBm. This means that the out-

put compresses with power of 100µW which is quite low compared to the overall DC-

power consumption of near 5mW. 

In figure 91, we have S11, S21 and S22 as a function of input power at 28.2GHz where we 

can see how the gain and matching starts to change when we add more power. Conse-

quently, the gain compresses with more power that is in line with compressed output 

curve in figure 90c. Moreover, S11 has a slight peak on -25dBm and improves when 

power is increased further. S22 also improves with more power.  

In figure 92, we have the step response of post-layout similar to that in figure 60 with 

overshoot at the output that dies within 1ns. This means that no frequency related to 

conjugate pole pairs is on positive real axis; at least when LNA works linearly.   
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(a) (b) 

 
(c) (d) 

Figure 90. Rollet’s stability factor as a function of frequency (a) and as function of 
temperature (b) along with 1dB compression point (c) and third order intercept point 
(d). 
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(a) (b) 

Figure 91. Large signal S-parameters, S11, S21 and S22 as a function of input power. 

 

 
 
Figure 92. Step-response of the post-layout LNA. 

5.4.4 Conclusion of results 

In table 7, we have collected results of both the electrical and the physical design with 

respect to the specified target parameters. In addition, some parameters are presented 

within temperature range of 0-70°C and -3dB bandwidth. Also, as the center frequency 

in both the pre- and post-layout is not exactly 28GHz, NF and matching are presented 

using corresponding center frequencies on which gain is maximized.  
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Table 7. LNA parameters of target specifications, electrical and post-layout design. 

Parameter Specifica-
tions 

Pre-layout value Post-layout value 

VDD 1.1V 1.1V 1.1V 
PDC 3mW 6mW 5mW 
fC 28GHz 27.7GHz 28.2GHz 
GMax >15dB 17.1dB 15.66dB 
GTemp >15dB >16.46dB >15.3dB 
BW - 2.2GHz 2.51GHz 
NFfc 3dB 3.077dB 3.2dB 
NFBW <3.5dB <3.2dB <3.52dB 
NFTemp - <3.1dB <3.4dB 
IP1dB - -24.53dBm -24.26dBm 
OP1dB < -10dBm -8.84dBm -9.775dBm 
IIP3 - - -18.45dBm 
OIP3 - - -3.7dBm 
S11_fc < -10dB -19.5dB -14.13dB 
S11_BW < -10dB < -7.22dB < -8.5dB 
S22_fc < -10dB -18.37dB -14.48dB 
S22_BW < -10dB < -6.2dB < -11.2dB 
S11, S22_Temp < -10dB < -10dB < -10dB 

 

We can see in table 7, that gain is within specified in respect of both the frequency and 

the temperature. Noise figure is slightly higher at the center frequency that was specified 

but stays quite well under 3.5dB within temperature and bandwidth, especially in case of 

the electrical design. The matching, however, is not within -10dB on whole -3dB band-

width except for S22 of the post-layout. Consequently, this LNA works best on very narrow 

bandwidth around 28GHz. In addition, the PDC in the post-layout has dropped 1mW from 

6mW to 5mW, being still 2mW higher than what was targeted.  
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6 CONCLUSIONS 

Using a similar topology as in [1], we designed a post-layout LNA with 45nm CMOS 

GPDK process provided by Tampere University. The LNA was constructed using very 

carefully selected common-gate transistor that was loaded with LC-tank. In order to 

match the output of the first stage to 50Ω, White’s cascode buffer stage was added as a 

second stage as was done in [1]. Component values were chosen based on simulations 

and design itself was done three times over 2 years period.  

The LNA design process included many compromises. The common-gate stage on itself 

was very capable to provide high gain with moderate noise figure and matching but the 

buffer stage with the current mirror bias was the limiting factor in this design. With limited 

supply voltage, the source follower input compressed with too much of gain in the first 

stage. Consequently, it meant that either the gain of the first stage was to be decreased 

to allow more power by source or simply accept the poor linearity of this circuit. 

We limited the gain of the first stage by decreasing Q-factor of LC-tank. This increased 

the noise figure but allowed us to benefit from feedback of the second stage. In other 

words, we saw that with gain close to 20dB, the matching of the input stage without any 

added components was rather difficult. That meant that we had to limit the gain using 

either LD1 or LD2.  

Second problem was the bias circuit. We saw that without pad model and layout, con-

stant gain over temperature was achievable. However, with added parasitics, the bias 

current increased significantly, and the circuit would not work properly anymore. With 

more time and study, better results could have been achieved. 

The measurement pad model was chosen using standard size by Cascade Microtech 

[35] but the model did not include any ESD protection. Using pad models provided by 

Cadence library would have not worked on 28GHz either, as they were designed for 

digital circuits. In addition, all layout components included only parasitic capacitances 

and resistances and without proper EM simulations, the design would probably not work 

if fabricated. 

The results of gain and linearity were within specifications although both were worse than 

in most LNAs in table 1. Matching was adequate at the center frequency but decreased 

rapidly within -3dB bandwidth. In addition, power consumption had to be increased to 

improve linearity to an acceptable value. Noise figure was slightly higher than what was 
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specified but still good enough. In the end, it is difficult to estimate how much these 

results would deviate if this circuit was to be fabricated.  
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7 FUTURE CONSIDERATIONS 

Main considerations for future regarding this circuit are proper stability analysis and EM 

modelling of the inductors. The former could be done by extracting information of all LNA 

poles from Cadence and seeing whether the poles stay within negative real axis with 

varied components values.  

As for the inductances, proper EM-simulation tool should be used, at least for the meas-

urement pad model and inductors. In addition, the coupling between inductors and trans-

mission lines of Battery, GND, Input and Output should be simulated. This coupling could 

add multiple feedback loops that certainly affect the performance of LNA. Consequently, 

inductors should be shielded to limit coupling.  

As we saw in many simulations, the second stage limits the performance of this design. 

In future, the source follower should be studied more carefully especially regarding line-

arity. In paper [6], the derivative superposition method was used to suppress the third 

order harmonic components. This is one aspect that could be tried on this design as well.  

In chapter 3, we used PMOS transistors as well but decided to continue designing of the 

common-gate with NMOS. In future, it would be interesting to try whole LNA with PMOS 

and see how much the gain and noise figure would change compared to NMOS. Espe-

cially, in the first stage where gain had to be limited, the lower intrinsic gain of PMOS 

could be beneficial.  
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APPENDIX A: LNA PUBLICATION PARAMETERS

Year 
Ref Tech        

 Fc 
(GHz)

Gain 
(dB)

NF 
(dB)

S11/S22 
(dB)

BW 
3dB 
(GHz)

IIP3/ 
OIP3 
(dBm)

IP1dB/ 
OP1dB 
(dBm)

VDD 

(V)
PDC 

(mW)

Chip area 
(mm2) w/w/o 
pads 1st stage 2nd stage 3rd stage Fabricated

Special 
feature

# of 
Citation

2013 
[4]

65nm 
CMOS 22.45 20.46 3.4 <-10/<-15 3.8 -/- -/- 1.1 12 0.3834/-

CS+CG 
Cascode

CS+CG 
Cascode - Yes - 6

2013 
[5]

90nm 
CMOS 30-50 20.3

3.8-
4.7 -/- >20 0/- -20.8/- 1.2 20.4 0.4268/-

CS+CG 
Cascode

CS+CG 
Cascode

CS+CG 
Cascode Yes UWB 6

2014 
[6]

180nm 
CMOS 24.52 10.8 4.6 <-10/<-10 6 1.4/- -12.5/- 1.5 3.6 0.418/- CS CS CS Yes

Current 
reuse, DS 
method & 
transformer 
feedback 1

2015 
[7]

90nm 
CMOS 23.5 20 3.6 <-15/<-15 2 -/10 -/- 1 16.5 0.518/0.3485

Current 
source 
loaded CS 
Differential 
stage

Current 
source 
loaded CS 
Differential 
stage - Yes

SE->Diff->SE 
Passive 
Balun 3

2015 
[8]

130nm 
CMOS 25 27.5 3.5-5 -13/-10 2.5 -11/- -/- 1.5 11.25 0.664/-

CS+CG 
Cascode

CS+CG 
Cascode

Source 
follower Yes

Buffer stage 
for matching 6

2016 
[9]

180nm 
CMOS 17.5 18 3.6 <-10/<-10 - -/- -12.6/- 1.8 12.6 0.48/- CG

CS+CG 
Cascode - Yes

Transformer 
feedforward 
gm-boosting 1

2017 
[10]

65nm 
CMOS 19 10.2

3.3-
5.7 -/- 14.5 -0.5/- -/- 12.4 0.1845/-

CS+CG 
Cascode - - Yes

Gate drain 
transformer 
feedback 11

2018 
[11]

40nm 
CMOS 28 18-26

3.3-
4.3 7.4-9.3

-/13.5-
14.5

-21.6 -        
-13.4/- 1.1

21.5-
31.4 -/0.26

CS+CG 
Cascode

CS 
Differential

CS 
Differential Yes Var. gain 17

2018 
[12]

28nm 
CMOS 33 18.6 4.9 <-10/<-10 4.7 -/- -25.5/- 1.2 9.7 0.23/-

CS+CG 
Cascode

CS+CG 
Cascode - Yes

Uses 
Waveguides 4

2018 
[13]

90nm 
CMOS 36.5

18.89/
16.54/
8.4 6.74 -/- 4.5 -/- -20/- 2 15.62 0.203/-

CS+CG 
Cascode

CS+CG 
Cascode

CS+CG 
Cascode Yes

Var. 
Gain/Current 
steering 
technology 0

2018 
[14]

65nm 
CMOS 24-30 30.5

2.05-
2.32 -10/-11 8 -/- -/- 1 30 0.2/-

Differentail 
CG

Differential 
Cascode

Differential 
Cascode No 1

2019 
[15]

65nm 
CMOS 24 23.5 3.3 -/- 3 -18/- -/16.5 12 0.15/0.096 CS CS - Yes SCFN* 0

Avg. 
Value - - 20.4 3.84 6.45 15.62 0.351/-

*Single-ended Capacitive Feedback Neutralization 
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APPENDIX B: MATCHING LNA OUTPUT TO 50Ω 

In figure 93, we have the input and output impedance circles of the two-stage LNA seen 

in figure 39 with resistor-bias and no measurement pad model. The output resistance is 

almost zero ohms and the output impedance is almost completely inductive.  

 
Figure 93. Input and output impedance of LNA in figure 39.  

 

We can move the seen output impedance in the middle of Smith chart by first changing 

COUT to such a value that the impedance sets on the real axis close to zero ohms and 

then add series resistance until the impedance is at the middle of chart. Using values of 

COUT = 120fF and RO = 50Ω we get a result as in figure 94. 
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Figure 94. Input and output resistance with output matched to 50Ω. 

 


