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Low Noise Amplifier Design and Optimization 

IV.1 CMOS LNA Design and Optimization Overview 
Low Noise Amplifier (LNA) is the most critical part of a receiver front end, in term of the 

receiver performance. Many circuits with different configurations have been proposed for 

LNA, in different applications. After choosing proper circuit for LNA, this circuit must be 

designed and optimized. Various techniques have been proposed for LNA design and 

optimizations. In this section an overview of available LNA circuits and design and 

optimization techniques will be overviewed.  

IV.1.1 CMOS LNA Circuits 

LNA circuits in CMOS technology are designed as Common Source (CS) or Common Gate 

(CG) stages. Cascode stage that is widely used in CMOS RF LNAs, can be considered as 

current –reuse configuration of a CS stage, followed by a CG stage. Choosing proper circuit 

depends on the specific application for which the LNA is designed and the designer 

experiences. For each application, some of LNA characteristics are more important than the 

others and this is a guideline for the designer to choose proper circuit for LNA. 

IV.1.1.1 CS versus CG configuration 

CS and CG are two widely used transistor configurations in CMOS LNA circuits. CS LNA 

has high gain and good noise performance [1]. Placing an inductor in the source of a CS stage 

the well known Inductive Source Degenerated is obtained. This inductor affects the gain and 

noise performance of LNA, as will be discussed in the future.  CG configuration leads to low 

power, robust against parasitic and stable circuit [1], [2]. CG configuration has weak noise 

performance [3]. Some techniques, such as capacitive cross coupling, has been presented to 

improve the CG stage noise performance [4], [5], [6]. 

Wideband input matching is possible for CG configuration and hence this configuration is 

widely used in broadband LNA circuits [7], [8]. However CS configuration may be used in 

wideband applications using special feedback or matching circuits. Inductive source 

degenerated CS configuration is conventionally used in narrowband LNA circuits [9]. 

IV.1.1.2 Cascode LNA 

Cascode LNA promises high power gain, good noise performance, low power consumption 

and high reverse isolation [10], [11], [12]. In lower bands of microwave frequencies, the noise 

sources of the upper transistor of cascode stage (cascode transistor) is degenerated by the 

lower transistor output impedance [13]. Consequently cascode stage has superior noise 

performance. 

Unfortunately excellent noise and gain performance of cascode stage degrades in very high 

frequencies. This is due to substrate parasitic admittance at the drain-source common node 

that increases as frequency increases [14], [15]. In consequence of lower impedance in the 

source of upper transistor, its drain noise appears in the output [3], [16]. As will be explained 

later, cascode stage has widely been used in mm-wave frequencies. 

Like a CS stage, cascode stage is proper for narrowband applications, however using 

feedback techniques makes possible using of cascode stage in multi band and wide band 

applications [17], [18]. Another way to use cascode configuration in wideband application is 

using complicated LC matching networks in the input [19].  
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IV.1.1.3 Single Stage Versus Multistage 

Multi stage LNA proposes higher gain, in comparison with single stage LNAs. The noise 

performance of multi-stage LNA is not degraded, since the noise performance is mainly 

determined by the first stage. This can be shown using Frees noise equation [20]: 
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Where F is the total noise factor and Fi and Gi are the noise factor and power gain of i
th

 stage. 

Normally the gain of first stage is high enough to  suppress the effect of second stage in the 

total noise figure. 

Based on the above equation, higher gain for LNA is very important to reduce the noise 

contribution of the mixer (following the LNA) in the NF of receiver front end. Consequently 

multi stage LNA is used in high performance receivers.  Unfortunately two stage LNA needs 

high DC power consumption and hence is not suitable for low power applications. 

Two successive cascode stages have widely been used in various applications, from few 

GHz to mm-wave bands [21], [22], [23]. 

IV.1.2 CMOS LNA Characteristics 

As its name implies, noise performance and power gain are the most important characteristics 

of an LNA. Beside these characteristics, the main parameters affecting the selection of a 

popper circuit for an LNA are DC power consumption, bandwidth, stability, linearity, supply 

voltage and chip area. 

IV.1.2.1 Noise and Power Gain Matching 

Using optimum noise matching, minimum achievable noise figure of an LNA  (NFmin) is 

obtained. On the other hand, power gain (conjugate impedance matching) yields the 

maximum available power gain for a circuit. Unfortunately these two matchings are 

contradictory and hence both of maximum available gain and minimum noise figure are not 

simultaneously possible. Fortunately, in CMOS technology these two matching conditions are 

very close together and this is an important advantage of CMOS circuits that can alleviate 

inherit crucial noise performance of CMOS technologies [23]. Thanks of this property, 

simultaneous noise and power matching becomes possible in CMOS technology  [12]. 

For maximum power gain matching, the input impedance of LNA must have a resistive 

term. Then matching network transforms this resistance to the real part of the source 

(generator) impedance. Different classic techniques to produce required resistive term in the 

input impedance of an LNA has been shown in Fig. IV-1 [24]. In the case of CG stage, the 

resistive term is part of the input impedance to the source of the CG transistor. For a CS or 

cascode stage the input impedance is pour capacitive (in very low frequencies) and hence a 

resistive part should be added to the input impedance. This is done by a resistive feedback, or 

a parallel resistance in the gate or a degenerating inductance in the source of CS transistor, as 

depicted in Fig. IV-1.  

Parallel resistance in the gate increases the noise figure of LNA and hence does not used in 

normal designs. The feedback resistor between drain and gate, forms a self-bias mechanism 

for transistors, as well contributes in the real part of the input impedance to relax the matching 

circuit [25].  
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Fig. IV-1. Different classic techniques to produce resistive term in the input impedance of an LNA [24] 

Degenerating inductance in the source of CS stage produces a resistive term in the input 

impedance of MOS transistor. This technique is widely used in CS and cascode LNA circuits 

[26], [27], [28], [29]. In addition, this inductor makes optimum noise and power points more 

close together [30]. Gate poly silicon resistance can be used for producing resistive term in 

the input impedance of a CS stage. In this way the gate resistance is translated to 50 ohm, 

using an LC network [31]. In [32] a new technique has been proposed that produces a 

resistive term in the input impedance of a cascode  stage, without using degenerating inductor 

that degrades the gain, in 60 GHz band.  

Matching bandwidth is an important factor in designing matching network. CS and 

cascode stage are proper choices for narrowband designs. Source degenerated cascode or CS 

stage is exhibits a good narrowband matching, high stability and good noise performance. As 

mentioned earlier, cascode and CS stages can be used in broadband or multi-standard 

applications, using resistive feedback or special LC matching networks. In contrast to CS 

stage, CG stage proposes wideband matching possibility, as described previously. Some 

special matching techniques have been developed for UWB applications [33]. 

Direct matching of antenna to LNA in a receiver front end has been considered in recent 

years [34], [35], [36]. Using this technique, simultaneous optimum noise and power matching 

of LNA becomes possible. 

A part of image frequency rejection is conventionally accomplished by the RF filter in the 

LNA input. In integrated design, this filter can be designed as a part of input matching 

network [37], [38], [39]. 

IV.1.2.2 Noise and Linearity Improvement Techniques  

Noise cancellation techniques are used for improvement of LNA noise performance [40], 

[41], [42]. Many noise cancelling techniques have been developed for CMOS broadband 

LNAs for UWB
1
 applications [43], [7]. These techniques are not necessary in narrowband 

designs. The reason is that in a narrowband LNA minimum noise figure (NFmin) is achievable 

with proper matching design, however in the case of broadband LNA the matching circuit 

frequency response varies in the LNAs operation band and can not satisfy NFmin in all of the 

band [7]. 

                                                
1
 Ultra Wide Band 
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Noise cancelling basis has been depicted in Fig. IV-2 [42]. The noise current due to CS 

transistors drain thermal noise, and signal current both arrive in the output node from two 

different paths. Signal current from these paths are in phase, but two arriving noise currents 

are 180
0
 out of phase. Consequently noise current is attenuated in the output, but the desired 

signal current amplified [7].As shown in Fig. IV-2, noise cancelling techniques are basically  

feed-forward schemes. Consequently, in very high frequencies, in which the accurate control 

of signal phase in different paths is not possible, these techniques can not be used. Noise 

cancelling has been reported for frequencies up to 10 GHz [43].  

The external noise originated from other circuits in the chip and coupled through the 

substrate, affects the noise performance of a CMOS LNA [44], [45]. Noise figure degradation 

of an LNA, due to power and ground noise, has been analyzed in [46]. Global guard ring 

around whole of the LNA circuit can be used for reducing penetration of noise of digital 

circuits into the LNA section. This issue is very important in System-on-Chip (SoC) design 

[47]. 

Nonlinearity of a CMOS LNA is due to the nonlinear nature of MOS transistor 

conductance and trans-conductance and hence the transistor’s bias greatly affects the linearity 

of the circuit. Linearity analysis for CS, CG and cascode stages have been addressed in 

various papers [48], [3], [49]. Drain current can be explained as: 
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g ′′ causes the third order nonlinearity and is negative in weak inversion and is positive in 

strong inversion regime of MOS transistor. Consequently, using two transistors   in    different 
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Fig. IV-2. Noise cancelling basis has for a CS stage: Representative diagram (b) Practical circuit(a) [42] 
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bias regimes gm” can be rejected. The bias value at which g ′′  is zero, is called Linearity 

Sweet Point [7]. 
mg′  causes the second order nonlinearity. Although

mg′  has not sweet point, it 

can be eliminated using some techniques. The most popular technique is using differential 

circuits, in which second order terms appear as common mode signals and hence highly 

rejected in the differential outputs. The other technique is using Inverter Type Amplifiers, in 

which NMOS and PMOS transistor pair in CS configuration yields very good second order 

linearity [50]. 

In narrowband circuits, second order terms fall out of circuits operating band and hence are 

not important. However in broadband circuits in which noise cancelling or linearity 

improvement techniques are used, the second order terms appear as extra third order terms in 

output [7]. 

Third order nonlinearity effects can be improvement using some techniques. In [3] a 

simple method has been presented to improve the linearity of a cascode stage. The third order 

terms in the drain current of a cascode stage can be absorbed by a PMOS transistor. This 

technique has been addressed in [51] to improve the IIP3 of a cascode LNA. Active post 

distortion has been developed in [52] to improve the LNA linearity. 

IV.1.3 Other Issues in CMOS LNA Design 

IV.1.3.1 Feedback in CMOS LNA Circuits 

Feedback techniques can be used in circuits in which the active devices poles are in 

frequencies well above the feedback loop bandwidth. With increasing fT of MOS transistors in 

recent years, it has been possible to use feedback in high frequency LNA circuits [53]. 

Feedback loop is useful in wideband matching of CS stages [17]. In [18] resistive feedback 

has been used in deign of cascode multi-band LNA for multi standard transceivers. In [54] 

RLC feedback has been used in wideband matching of a cascode stage. 

Feedback techniques are often adopted in designing low-noise amplifiers in order to shift 

the optimum noise impedance to the desired point [55]. Feedback reduces the nonlinearity of 

the circuit and improves IIP3
1
 point [48]. Various feedback techniques has been investigated 

and compared in [56]. 

IV.1.3.2 Electrostatic Discharge Protection 

Due to high input impedance and low gate breakdown voltage in the CMOS circuits, ESD
2
 

protection in the I/O pads is an important issue in these circuits. In RF circuits, the trend is to 

use simple ESD protection circuits, to prevent the performance degradation. In the 

frequencies above 5 GHz, tow diodes are conventionally used between the signal line and 

GND and the signal line and DC power line [57], [58]. However in some works SCR based 

ESD protection, beside LC circuits have been used successfully in up to 18 GHz [25], [59]. 

IV.1.3.3 Power Dissipation and Chip Area 

To reduce the LNA power dissipation, special cares should be done in circuit configuration 

and design steps. Current reuse is one the successful techniques in reducing DC power of 

integrated circuits. This technique has been widely used in low power RF designs to reduce 

DC power consumption. [43]. As an example, in [60] a CS stage followed by a cascode stage 

has been designed in current reuse configuration. 

LNA with CMOS transistors in sub-threshold regime is useful in very low power 

applications [61]. However, by this way the transistors gm is very low and hence can not be 

                                                
1
 Third order Input Intercept Point 

2
 Electrostatic Discharge  
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used in very high frequencies, in which increased losses in different parts of circuit 

necessitates high gm for transistors. 

The trans-conductance of CMOS transistors decreases with decreasing the drain current. In 

some cases gm-boosting techniques are used to increase total gm, without increasing drain 

current [1] [62].  

Using active load (PMOS transistor) in drain of NMOS transistor of LNA, high load 

resistance is obtained, without high DC power dissipation in load resistance [25]. However, 

parasitic capacitances in the output node in conjunction with high load resistance, limits the 

maximum frequency. For example, due to this problem, the unity gain of a resistive-load 

differential pair in 90 nm CMOS technology is limited to 15 GHz [63]. To solve this problem, 

inductive load is used for absorb the parasitic capacitance. Passive inductors have low Q in 

CMOS technologies and not only add many difficulties to circuit design process, but also 

need increase the chip area. To overcome this problems, active inductors are used instead of 

passive inductors, to obtain very small high-Q inductors [64]. Using active inductor, an LNA 

has been designed in chip area as small as 0.034 mm
2
 [57]. The main problem with active 

inductors is their limited frequency. Inductor-less LNA has been reported in [7] and in [65] up 

to 10 GHz. 

Using lumped elements, instead of distributed elements leads to smaller chip area. The 

different aspects of lumped elements versus distributed elements have been compared in [66] 

and [21].  

IV.1.4 CMOS LNA Design and Optimization Principles 

Various techniques have been adopted for CMOS LNA design and optimization. Some 

classified and well known techniques have been reviewed and explained in [55]. The 

Classical Noise Matching (CNM) technique was reported in [67]. In this technique, the LNA 

is designed for minimum NF by creating the optimum noise impedance to the given amplifier, 

which is typically implemented by adding a matching circuit between the source and input of 

the amplifier. By using this technique, the LNA can be designed to achieve an NF equal to 

NFmin of the transistor, the lowest NF that can be obtained with the given technology. 

However optimum noise impedance has considerable difference with optimum power gain 

impedance (complex conjugate matching) and hence the amplifier can experience a 

significant gain mismatch at the input. Therefore, the CNM technique typically requires 

compromise between the gain and noise performance. 

Simultaneous Noise and Input Matching (SNIM) is obtained using series feedback, without 

degradation of the NF [55], [12]. The series feedback with inductive source degeneration, 

which is applied to the common-source or cascode topology, is especially widely used for 

narrow-band applications [12]. Inductive source degeneration facilitates the simultaneous 

noise and impedance matching, without degradation of NFmin and Rn [30]. 

Power Constrained Noise Optimization (PCNO) is used for noise optimization, for a given 

DC power dissipation. The drawback of this method is as CNM, by which the power gain is 

scarified. Specially in low power designs the power gain degradation is crucial. To overcome 

this problem, Power Constrained Simultaneous Noise and Input Matching (PCSNIM) 

technique was addressed [55]. Using this technique, SNIM condition is held for a given DC 

power. 

As we mentioned previously, SNIM is potentially achievable in CMOS technologies.  

However the problem is a proper optimization method to obtain SNIM for a given DC power 

dissipation. The PCSNIM technique developed in [55] is an analytic optimization and has 

been derived using very simple transistor model. This simple model is useful in frequencies 

up to few GHz, but losses its accuracy for higher frequencies.  
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In [68] a multi-step simulation based process has been used in optimization of inductively 

source degenerated cascode LNA. In first step using simulation,  Fmin and noise equivalent 

resistance (Rn) of cascode stage, without degenerating inductor is calculated for various 

transistor widths, keeping the DC power dissipation constant. By this way optimum transistor 

width is determined. Then feedback inductance and matching network is calculated to obtain 

minimum noise figure, with given DC power. Graphical optimization of a CG LNA has been 

addressed in [69] and in [70], an LNA design flowchart has been presented, considering 

linearity performances.  

IV.1.5 CMOS LNA in Millimeter Wave Frequencies 

IV.1.5.1 CMOS LNA in V-band  

In recent years, many mm-wave transceiver sub-circuits have been reported in CMOS 

technology. Recently published mm-wave LNAs in CMOS technology have been tabulated in 

Table IV-1. Like old RF LNAs, cascode topology has preserved its excellence in mm-wave 

frequency range. Cascode stage has been widely used in technologies other than CMOS [71], 

[72] [73]. Nevertheless, other circuit configurations like CS and CG topologies have been 

tried in this context [74], [75].  

Razavi reported a CG LNA in 60 GHz, in 0.13 um CMOS technology in 2006 [75]. He 

claimed that cascode stage has difficulties in mm-wave range, due to its pole in the common 

node that is in order of fT/2. This pole shunts degrades the cascode gain and noise 

performance in mm-wave frequency. He also investigated that conventional CG stage is not 

suitable for mm-wave range, due to the capacitive part of the transistor input impedance. 

Finally he proposed a modified CG configuration, as shown in Fig. IV-3(a).  He used an 

inductor, instead of the CG stage current source, to compensate the capacitive term of the 

input impedance. By this way the contribution of the current source of CG stage is also 

eliminated. 

Cascode stage again was introduced in mm-wave range by Terry Yao et al. in 2006 [23]. 

They used a small series inductor in drain of lower transistor, to tune up the cascode pole. 

This technique was used in earlier generations of RF CMOS [227].  
TABLE IV-1 

Recently published mm-wave LNAs in CMOS technology 

Ref. Topology Technology 

(CMOS) 

Freq. 

(GHz) 

Power 

(mW) 

IP1dB 

(dBm) 

IIP3 

(dBm) 

Gain 

(dB) 

NF Area 

(mm2) 

Year 

[76] 3-stage 

Cascode 

130 nm 51-65 54 -18 

(in) 

NA 14.6 8.8 1.3 2005 

[22] 3-stage 

Cascode 

130 nm 50-58 72 -23 NA 24.7 7.1 0.46 2006 

[77] 2-stage 

Cascode 

90 nm 62 10.5 NA NA 12.2 6* 0.53 2006 

[23] 

 
2-stage 

Cascode 

90 nm 58  24 NA -6.8 14.6 4.5* 0.14 2006 

[78] 2-stage 

Cascode 

90 nm 60 24 NA NA 12 5.5 0.2 2007 

[79] 

 
2-stage 

Cascode 

90 nm 58 24 NA NA 14.6 4.5* 0.52 2007 

[80] 

 
2-stage 

Cascode 

65 nm 60 34* NA NA 12.5* 7.3* 0.4* 2007 

[81] 2-stage 

Cascode 

90 nm 64 86/48 NA NA 15.5 

/13.5 

6.5 

/6.7 

0.14 2007 

[74] 3-stage 

C.S. 

130 nm 65-72 5.4 -17  NA 10.9 5.1
*
 0.38 2007 

* Simulation Results 
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The modified cascode stage has been shown in Fig. IV-3(b). The modified cascode has 

superior performance and has been used in the last reported mm-wave LNA by Parsa and 

Razavi [82]. Nevertheless, standard cascode stage is used yet in CMOS mm-wave LNA 

design [80]. 

Performance of CMOS technology in mm-wave band is well comparable with InP-based 

HEMT, HBT and SiGe technologies. Still the chip size of fabricated LNA in CMOS 

technology is very smaller than other technologies [22], [23]. 

IV.1.5.2 CMOS LNA in Q-band (Ka-band) 

In spite of reported V-band LNA’s in the last section, where cascode stage was dominantly 

used by the designers, the reported works in around 30 GHz band shows that CS stage has 

been considered in many woks. In [83] two LNA’s, one in 20 GHz, using a single stage CS, 

and another in 40 GHz using two CS stages have been reported. Two stage CS LNA with 

degenerating inductors has been reported in [84] in 24 GHz. A 3-stage CS LNA in 40 GHz 

band has been reported in [85]. In [86] two cascode stages has been used in design of a 31-34 

GHz LNA. In this work shunt inductors have been added to the cascode node, to absorb the 

parasitic capacitance at this node and to eliminate the cascode second pole, the main 

drawback of cascode stage in mm-wave design [87], [23].  The second pole of a cascode stage 

depends on the gain of cascode (upper) transistor and the total capacitance at the cascode 

common node and is calculated as [86]: 

2211

2

dsgsgdds

m
p

CCCC

g

+++
≈ω  (IV-3) 

Another way to overcome this drawback of cascode stage has been addressed in [88], by 

placing an inductor in the gate of upper transistor.  By this way very low power 26 GHz LNA 

has been designed. 

Combination of CS and cascode stage is useful in mm-wave LNA design. It has been 

investigated that CS configuration in the first stage and cascode configuration in the second 

stage incorporates good noise performance of CS stage and high gain of cascode stage [89], 

[87]. A summary of recently published Q and Ka band CMOS LNA’s have been listed in 

Table IV-2. 

          

(a)                                                                                                          (b) 

Fig. IV-3 (a) CG stage used in 60 GHz LNA [75] and (b) 60 GHz LNA with modified cascode stage [23]. 

  



Chapter IV                                                                      LNA Design and Optimization 

                                                                                                        92 

IV.2 Our LNA Circuit and its Analysis 
As mentioned in section IV.1.5.2, the best topology for a two stage LNA is CS in the first 

stage and cascode in the second stage. The reason is that cascode stage has poor noise figure 

in mm-wave band, due to capacitances and parasitic admittances in the cascode node, but has 

good gain and excellent reverse isolation. Consequently, CS-Cascode topology integrates 

good noise performance of CS stage, with excellent reverse isolation. However, two stage 

LNA has high DC power consumption and hence is not suitable for our work, in which low 

power design is an essential goal. So we have chosen the single stage cascode topology for 

our LNA, as in Fig. IV-4. Output matching is performed using standard T network [90] and 

various input matching will be discussed later. The degenerating inductor may be neglected in 

Fig. IV-4(b), however it is necessary if high linearity is required. 

The analysis of the cascode LNA is presented in this section. This analysis is used in 

development of analytic input and output matching. Then the results will be used in the next 

section, in analytic design and optimization of LNA. 

IV.2.1 LNA Analysis 

The small signal model of the cascode LNA in Fig. IV-4 has been shown in Fig. IV-5. Based 

on this circuit, we will derive equations to calculate the performance characteristics of the 

LNA.  

IV.2.1.1 Input Impedance Analysis 

A) Conventional Methods 

A simple equation is conventionally used for calculation of the input impedance of (ZingL) of 

this equivalent circuit is as follows [13]: 

gs
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TABLE IV-2 

Recently published Q and Ka band CMOS LNAs 

Ref. Topology Technology 

(CMOS) 

Freq. 

(GHz) 

Power 

(mW) 

OP1dB 

(dBm) 

IIP3 

(dBm) 

Gain 

(dB) 

NF Area 

(mm
2
) 

Year 

[86] 

 
2-stage 

Cascode 

90 nm 31-34 10 NA NA 18.6 3 0.86 2006 
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(a)                                                                             (b) 

Fig. IV-4. Schematic of our single stage cascode LNA, input matching with serial (a) and parallel (b)  inductor in 

the gate of input transistor.  

Ls is the degenerating inductor in the source and Rg is the gate resistance of lower transistor. 

This simple equation neglects Cgd feedback capacitance and drain-source conductance, gds. In 

contrast of its simplicity, it has been used in many old and recent works, since can give a good 

sense about the effect of degenerating inductance or other feed backs in the drain current path 

[94], [55], [9]. Using this simple equation, one can design the input matching network of 

cascode or common source LNA. The conventional equation can be used in frequencies up to 

few GHz. 

Scaling down the CMOS technologies, the drain-source conductance increases and gate-

drain capacitance becomes well comparable with gate-source capacitances. Consequently, the 

simple equation of (IV-4) loss its accuracy in mm-wave circuits in modern CMOS 

technologies.  In [95] and [96] an accurate equation has been presented to calculate the input 

impedance to a CS or cascode stage: 
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Where: 
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dsL
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And Zd (or Yd) is the total load impedance (or admittance) for the drain of CS transistor. 

B) Our equation: method 1 

Although equation (IV-5) calculates the input impedance accurately, it is not suitable for input 

matching process. Consequently we have rewritten it with some modifications. To calculate 

ZingL in (IV-5), first ZinsU  should be calculated (see the LNA of Fig. IV-4(a)). On the other 

hand, to calculate ZinsU the values of output matching network are necessary. This is the 

philosophy of simultaneous input and output matching [97]. However, in this step we do not 

have them. This problem is due to the fact that in high frequencies the reverse isolations of the  
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Fig. IV-5. Small signal model of the cascode LNA, with (a) and without (b) degenerating inductance. Subscribes 

U and L denotes for Upper and Lower transistors, respectively. 

circuit is limited. In the second step of our design we will use optimization techniques to 

perform simultaneous input and output matching. But in the first step we use an 

approximation. The admittance into the source of upper transistor is calculated as: 

( )( )

ddU

dsUddUdsUmU
gsUsbUinsU

y

gygg
CjYY

−+
++= ω  (IV-5) 

in which: 

dsUdbUdUgdUddU gYYCjy +++= ω  

However for simplicity, we assume that all of capacitances at the output node completely 

absorbed by the inductor in the output matching network (Lt in Fig. IV-4). Also we assume 

that the resistive component of the input impedance to the drain of upper transistor (ZindU in 

Fig. IV-5) is almost equal to gdsU. With these assumptions the total load of lower transistor is 

obtained as: 

sbUgsU
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Now for simplicity, we define: 
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And we normalize all admittances to gsCω : 
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After tedious, but straightforward calculations the real and imaginary parts of the input 

impedance is calculated as: 
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Where the coefficients ai, bi and ci are calculated as: 
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C) Our equation: method 2 

Although the input impedance equation of (IV-5)  is the most accurate reported, it is possible 

to derive more accurate equation. For this purpose, considering Fig. IV-5(b) we define: 
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 (IV-10) 

Where Yd has been defined in (IV-9) and YdbL is the admittance from lower transistor drain 

into the substrate. Now using the notation in (IV-8), and after some simplifications, we obtain 

a matrix equation for the small signal equivalent circuit of Fig. IV-5(b):  
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 (IV-11) 
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Again after tedious calculations we obtain the equations to calculate the real and imaginary 

parts of the input impedance to the gate of lower transistor:  

g

sNsN

sNsN

gs

ingL R
bBbBb

BaBa

C
R +

++

+
=

32

2

1

2

2

11

ω
 

32

2

1

32

2

11

bBbBb

cBcBc

C
X

sNsN

sNsN

gs

ingL
++

++
=

ω
 (IV-12) 

for which the related coefficients ai, bi and ci are calculated as: 
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IV.2.1.2 Our Input Matching Method 

We have developed separate matching methods for each of the input matching circuits of Fig. 

IV-4(a), in which a series inductor has been used in the gate, and Fig. IV-4(b), in which a 

parallel inductor and a series capacitor have been used for input matching. The importance of 

analytic equations to calculate matching elements is simplification of LNA design and 

optimization. In the optimization process, provided that they have sufficient accuracy, the 

analytic equations lead to reduction of some optimization variables. 

A) Matching Using a Series Inductor in the Gate 

For conjugate matching of the LNA in Fig. IV-4(a) we must have: 
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ingLg
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      (IV-13)    

Lg is the matching inductor in the gate and RLg is calculated from: 
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in which Qg is the inductor quality factor. Now from (IV-10) to (IV-11) we obtain the analytic 

matching design equations: 

02 =++ CBBAB sNsN  (IV-15)    

in which: 
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The coefficients ai, bi and ci are calculated from (IV-9) or (IV-12). After calculating BsN from 

(IV-15), the source degenerating inductor is calculated using (IV-7) and (IV-8). Then the gate 

matching inductor is calculated from (IV-13), in conjunction with (IV-9) or (IV-12).  

B) Matching Using a Parallel Inductor in the Gate 

Input matching using series inductor in gate has some limitations in mm-wave frequencies. 

By this method, the degenerating inductor value does not have any freedom. Although in 

some cases this inductor is necessary to improve the LNA linearity, it has designed as small 

as possible, to avoid power gain degradation. The other problem is that series inductor in the 

gate is not suitable for transmission line inductors. Because it is easier to use this type of 

inductors in shorted-end configuration, to simplify the inductor design process and to reduce 

the parasitic effects of the inductor [90]. Here we describe another way of input matching, as 

in Fig. IV-4(b). 

In general the input matching of Fig. IV-4(b) can be explained as in Fig. IV-6(a). 

Considering this figure we deduce: 
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For conjugate matching we must have RsZ in =*  and hence we deduce: 
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 (IV-17) 

In practice the resistive term of the input impedance to the gate of the lower transistor is 

smaller than Rs and hence the first condition of (IV-17) holds. On the other hand the input 

impedance to the gate of the lower transistor is capacitive. Consequently Bm is an inductive 

element. Although theoretically the sign of Xm may be positive or negative,  based on our 

experience, Xm is almost capacitive. So we use the matching network of Fig. IV-6(b) in our 

design. Whenever the sign of Xm is positive, then the designer can use the equivalent inductor. 
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Fig. IV-6. General form of input matching using two matching elements in gate (a) and implementation with LC 

network (b) 

From Fig. IV-6(b) we have: 
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And using the definition of quality factor for the matching inductor we obtain: 
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After simplification we deduce: 
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For conjugate matching two below conditions must be complied: 
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Assuming that Q is independent of L, from first equation we derive a second order equation to 

calculate the matching inductor: 

022 =++ CLBLA mm ωω         (IV-22) 

where: 
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So we can simply calculate the matching inductor: 
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After calculating mL  we can calculate mC  from (IV-21): 

( ) ( )( )
( )1

12
22

222222

2

+−

+++−+
=

QBLQ

BGQLLQBGQQ
LC

ingm

ingingmminging

mm
ω

ωω
ω  (IV-25) 

Please remind that in this case we have freedom in choosing degenerating inductor, since the 

matching process is valid for each value of Ls. So we can calculate Ls as small as possible to 

comply the linearity requirement, with minimum power gain degradation. It must be noted 

that in the above equations, we need to calculate the substrate admittances. The substrate 

admittances are layout-dependent and hence can not be calculated before laying out the 

transistors. However in this step, the designer can calculate them based on his/her experience, 

using the substrate model in Chapter II, or may simply replace it with the drain and source 

junction capacitances. 

IV.2.1.3 Output matching Analysis 

For output matching we use the standard T network, as in Fig. IV-7 (a). From this figure, to 

perform the output matching, we must calculate the input impedance to the drain of upper 

transistor (ZindU in Fig. IV-5). Using Fig. IV-7 (b) we deduce: 
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where: 

dsUmUgsUsbUsUssU ggCjYYy ++++= ω  

and YsU is the load at the source of upper transistor, equal to the sum of substrate admittance 

at this node (YbC in Fig. IV-5 ) and the input admittance to the drain of lower transistor (YindL 

in Fig. IV-5).  

Using Fig. IV-7 (c), the input admittance to the drain of lower transistor is calculated as: 
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where: 
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YgL is the input admittance to the input matching network, seen from the gate of lower 

transistor, and YsL is the load at the source of lower transistor, equal to the sum of substrate 

admittance at this node (YbS in Fig. IV-5) and the degenerating admittance of the source. 

Now we can calculate the output matching network elements. Using Fig. IV-6(b) the output 

impedance of LNA is calculated as: 
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Where Q is the quality factor of Lt. For conjugate matching two below conditions must be 

complied: 
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Assuming Q is independent of L, from first equation we obtain a second order equation to 

calculate Lt: 

022 =++ CLBLA tt ωω       (IV-29) 

in which: 
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after solving the above equation we obtain: 
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After calculating  Lt , we can calculate Ct from (IV-28). 

 

 

Fig. IV-7. The equivalent circuit to calculate the output matching network (a) and the equivalent circuit to 

calculate the input impedance to the drain of CG stage (b) and CS stage (c)  
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IV.2.1.4 Power Gain Analysis 

Firstly we calculate the voltage gain of a single transistor common gate and common source 

stage. Then the results will be used for calculation of a cascode stage power gain, as well as 

noise analysis in the later issues.  

A) Single Transistor Stage 

The single transistor stage has been shown in Fig. IV-8. Using the small signal model of 

common source stage in Fig. IV-8(a) we can write two KCL equations: 
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Considering the effect of Rg in Fig. IV-7, we define another voltage gain: 
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And finally: 
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And for the common gate stage of Fig. IV-8(a) we can write: 
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Consequently we deduce: 
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In which: 
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Yg is equal to the admittance into the input matching network from gate side, Yimn. If series 

inductor is used  in input matching network (see Fig. IV-4 (a)), Yimn is equal to: 
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And if parallel inductor is used  in input matching network (see Fig. IV-4 (b)), Yimn is equal to: 
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Fig. IV-8. Small signal model of common source (a) and common gate (b) stages 

B) Single Stage Cascode LNA 

For calculating the LNA power gain, the circuits in Fig. IV-9 have been used. Based on this 

figure we use a 5-step voltage transfer function to calculate the voltage gain and then the 

power gain. 

Voltage transfer function from source to the circuit input is calculated as: 
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Voltage transfer function for the input matching network depends on the input matching 

network topology. For input matching with series inductor, as in Fig. IV-4(a), using Fig. IV-

9(a) we obtain: 

( )
LggingL

ingL

s

gL

imn
QjLZ

Z

V

V
A

1++
==

ω
 (IV-40) 

Where ZingL is calculated from (IV-12) and QLg is the quality factor of the matching inductor. 

In the case of input matching of Fig. IV-4(b), using Fig. IV-9(b) we obtain: 
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Again ZingL is calculated from (IV-12). 

To calculate the voltage transfer function for the lower transistor, we use Fig. IV-9(d). So 

we can use (IV-33) with the lower transistor parameters and after substituting: 
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insUd YY =  

Voltage transfer function of the upper transistor is calculated using Fig. IV-9 (e). 

Considering that in the case of upper transistor gate node is grounded, from (IV-35) we 

obtain: 
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As in (IV-35), ydd is calculated considering Fig. IV-9(e): 
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Fig. IV-9. Circuits used in calculation of cascode LNA power gain 

dbUomngdUdsUddU YYCjgy +++= ω  (IV-44) 

And Yomn, admittance into the output matching network from drain side, is calculated as: 

( ) tloadLtt

omn
CjRQjL

Y
ωω /1

1

/1

1

+
+

+
=  (IV-45) 

The voltage transfer function of the output matching network is calculated using Fig. IV-

8(c). Considering this figure we can write: 
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Finally the total voltage gain of the cascode LNA is calculated: 
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The input power from source into the LNA is calculated as: 
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And the power gain (transducer power gain) of the cascode LNA is obtained: 
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When conjugate matching holds in the input, the signal power into the input matching 

network is: 
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Consequently maximum available power gain, i.e. the power gain in conjugally matched 

condition, is calculated as: 
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IV.2.1.5 Noise Analysis 

Different analytic equations have been derived for calculation of noise performance of 

common source or cascode LNA [94], [7], [3]. Nevertheless, in our knowledge the reported 

works have some limitations that prevent an accurate noise performance calculation in mm-

wave band. 

� Very simple transistor model has been used. 

� The noise contribution of upper transistor has been ignored. This is a good approximation 

in lower frequencies, in which the substrate effect is not crucial and hence the upper 

transistor noise is degenerated by its source impedance, i.e. the input impedance into the 

drain of the lower transistor. However in mm-wave range the substrate admittance 

becomes well comparable with the nodal admittance of the cascode node and lowers the 

noise degenerating effect. Consequently the contribution of the upper transistors noise in 

the total output noise increases. 

� The substrate noise has been ignored. As explained, in mm-wave frequencies the substrate 

admittance increases and hence the substrate noise penetrates into the circuit. 

We have developed our analytic equations to calculate the noise performance of cascode LNA 

by which the above limitations have been overcome.  

The small signal noise equivalent circuit of cascode LNA has been shown in Fig. IV-10. 

Note that in calculation of noise figure, the load impedance has not any effect and hence for 

simplicity is substituted by short circuit [13]. Different noise sources in this figure are defined 

as follows: 

� IngL and IngU are gate induced noise of lower and upper transistors, respectively. The 

induced gate noise is correlated with the drain thermal noise and in our noise model is 

calculated from (II-62). 

� IndL and IndU are drain thermal noise of lower and upper transistors, respectively. The drain 

thermal noise in our noise model is calculated from (II-60). 

� InsbL, IndbL, InsbU and IndbU are the substrate thermal noise, due to the real part of the substrate 

admittance at the lower and upper transistors source and drain nodes, respectively. 

� Ins is the thermal noise due to the input signal source resistance. 

� InM1 and InM2 are the equivalent current noise sources of the input matching network. 

� InRg is the thermal noise due to the gate poly-silicon resistance. This noise becomes 

important for small transistors. 

� InLs is the thermal noise due to the effective parallel resistance of the degenerating inductor. 

This resistance is due to the limited quality factor of the inductor. 

 

Our noise calculation is based on calculation of voltage noise in each node of the circuit in 

Fig. IV-10. For this purpose we must calculate the nodal impedance of all nodes. The nodal 

impedance at the input of circuit is: 
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The nodal impedance at the gate of lower transistor is: 
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YingL is calculated from (IV-12) and Yimn is the input admittance to the input matching network 

from gate side, shown in Fig. IV-10. The nodal impedance at the internal gate of lower 

transistor is: 
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The nodal impedance at the source of lower transistor is: 
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Ls is the degenerating inductor. YinsL is the input admittance to the source of lower transistor 

and is calculated as: 
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In which: 
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The nodal impedance at the cascode node is calculated as: 
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 (IV-56) 

YindL and YinsU  are calculated from (IV-26) and  (IV-25), respectively. After calculating the 

nodal impedances, we can calculate the noise voltage at each node, using the noise current 

sources in Fig. IV-10. In this figure, if series inductor is used for input matching (Fig. IV-4 

(a)), InM1 and InM2 are calculated as: 
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And in the case of parallel inductor in the input matching network (Fig. IV-4 (b)) we have: 
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The noise voltage at the circuit input is calculated as: 

( ) iinMnsni ZIIV 1+=′  (IV-59) 

The noise voltage at the gate of lower transistor, due to the noise currents entering into this 

node is calculated as: 

( )
ggLnMnRgngL ZIIV 2+−=′  (IV-60) 

The noise voltage at the internal gate of lower transistor, due to the noise currents entering 

into this node is calculated as: 

( )
gigiLnRgngLngiL ZIIV +=′  (IV-61) 

The noise voltage at the source of lower transistor, due to the noise currents entering into this 

node is calculated as: 

( )
ssLngLndLnsbLnLsnsL ZIIIIV −++=′  (IV-62) 

The noise voltage at the cascode node, due to the noise currents entering into this node is 

calculated as: 

( )
CCngUndUndLnsbUndbLnC ZIIIIIV −+−+=′  (IV-63) 

Note that in the above equation, the noise voltage at each node due to other nodes has not 

been included. To include the transferred voltages, we can use the voltage transfer functions, 

derived in previous section. Doing this, the total noise voltage at the cascode node is 

calculated as: 

( )
dgiLngiLgigLngLimnninsLdsLnCnC AVAVAVVAVV 








′+′+′+′+′=  (IV-64) 

Where AdsL, Aimn, AgigL and AdgiL are calculated from (IV-36), (IV-40), (IV-33) and (IV-32), 

respectively. The trans-conductance from the cascode node to the output is simply obtained 

from Fig. IV-10: 
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OC gg

V

I
G +==  (IV-65) 

The total output noise current (InO in Fig. IV-10) is calculated: 

( ) ndbUndUnCdsUmUnO IIVggI −−+=  (IV-66) 

Substituting the equations (IV-59) to (IV-63) in (IV-64) we obtain: 
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and then using (IV-66) and reordering the terms we deduce: 
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Chapter IV                                                                      LNA Design and Optimization 

                                                                                                        107 

 

Fig. IV-10. Small signal circuit and noise model of cascode LNA 

To analyze the noise performance of LNA, the output noise power must be calculated. This is 

accomplished by calculating the average power of (IV-67). For simplicity we separate 

different noise sources in (IV-66). The contribution of lower transistor is: 

( )
( )

( ) 










+−+

−
+=

ssLdsLCCndL

ssLdsLdgiLgigiLngL
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ZAZI

ZAAZI
ggI  (IV-68) 

The noise contribution of upper transistor is: 

( )( )
ndUCCndUngUdsUmUnOU IZIIggI −+−+=  (IV-69) 

The noise contribution of the signal source is: 

( ) nsdgiLgigLimniidsUmUnOs IAAAZggI +=  (IV-70) 

The noise contribution of the gate resistance is: 

( )( )
nRgdgiLgigLggLdgiLgigiLdsUmUnORg IAAZAZggI −+=  (IV-71) 

The noise contribution of the input matching network is: 

( )( )
dgiLgigLggLnMdgiLgigLimniinMdsUmUnOM AAZIAAAZIggI 21 ++=  IV-72) 

The noise contribution of the substrate is: 

( ) ( ) ndbUssLdsLnsbLCCnsbUndbLdsUmUnOb IZAIZIIggI −







+++=  (IV-73)  

The noise contribution of the degenerating inductor is: 

( ) nLsssLdsLdsUmUnOLs IZAggI +=  (IV-74) 

A) Output Noise Power 

The output noise power is calculated as mean square of the output noise current. IngL and IngU 

are correlated with IndL and IndU, respectively. Consequently their correlation coefficient, as in 
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(II-64) should be considered. Contribution of the lower transistor in the normalized output 

noise power is calculated as: 

( )
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 (IV-75) 

AdsL and AdgL are voltage gain, defined in (IV-33) and (IV-35), respectively. The transistor 

noise parameters, c, gg, gd0, δ and γ, have been defined in chapter II, section II-2. Contribution 

of the upper transistor in the normalized output noise power is calculated as: 
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Contribution of the signal source in the normalized output noise power is calculated as: 
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Contribution of the gate resistance in the normalized output noise power is calculated as: 
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Contribution of the input matching network in the normalized output noise power is: 
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2

1nMI  and 2

2nMI  are calculated from (IV-57) and (IV-58), respectively. Contribution of the 

substrate in the normalized output noise power is calculated as: 
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Where Gx is the real part of Yx. Contribution of the degenerating inductor in the normalized 

output noise power is calculated as: 
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B) Noise Factor 

The noise factor due to the lower transistor is calculated as: 

2
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nOL
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I

I
F +=  (IV-82) 

The noise factor due to the upper transistor is calculated as: 
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The noise factor due to the gate resistance is calculated as: 

2
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I
F +=  (IV-84) 

The noise factor due to the substrate is calculated as: 
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I
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The noise factor due to the degenerating inductor is calculated as: 
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nOLs
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I

I
F +=  (IV-86) 

Finally the total noise factor of LNA is obtained as: 

)1()1()1()1()1(1 −+−+−+−+−+= LsbRgUL FFFFFF  (IV-87) 

IV.2.1.6  Linearity Analysis 

Different analytic methods have been developed to evaluate the linearity performance of  

LNA circuits in MOS technology. Some of them uses simple equations to estimate the IIP3
1
 

or one-dB compression point (P1dB) of LNA [98], [70]. Some other works have developed 

complicated analysis [3], [7]. The method developed in [70] is based on deriving analytic 

equation of transistor’s gm as a function of gate-source bias voltage. Then this equation has 

been used for calculation of higher order terms of gm in its Taylor expansion around the bias 

point, in different operation regions of transistor. 

We have used similar approach, using our analytic equation for gm of MOS transistor, 

developed in Chapter II. The large signal trans-conductance of transistor can be calculated as: 
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Where Vgs is the amplitude of AC signal between gate and source nodes and the derivatives 

are calculated at bias point. gm is calculated from (II-41). To calculate IIP3, we must drive the 

circuit with two in-band signals with same amplitude, but small frequency difference. We 

denote the gate-source voltage due to these signals as: 
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Then the resulted drain current is calculated using large signal trans-conductance: 

( ) ( ) ( )( )tvtvGti md 21 +=  (IV-90) 

Using (IV-89) we deduce: 
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and substituting (IV-88) in (IV-91) and neglecting out-of-band terms we obtain: 

                                                
1
 3

rd
 order Input Intercept Point 



Chapter IV                                                                      LNA Design and Optimization 

                                                                                                        110 

( ) ( )

( ) ( ) ( ) ( )( )tjtjtjtj

gs

gs

m

tjtjtjtjgsm

d

eeeeV
V

g

eeee
Vg

ti

12122121

2211

22223

2

2

16

3

 
2

ωωωωωωωω

ωωωω

−−−−−−

−−

+++
∂

∂
+

+++=

 (IV-92) 

Consequently the desired signal power at the output node is calculated as: 
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And the power of 3
rd

 order inter-modulation terms at the output node is calculated as: 
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At the 3
rd

 order intercept point the signal power and the power of 3
rd

 order inter-modulation 

terms are equal. So setting (IV-93) equal to (IV-94)we obtain: 
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If degenerating impedance is used at the source node of transistor, we have: 

sm

gs

g
Zg

V
V

+
=

1
 (IV-96) 

Where Zs is the impedance at the source node. The voltage at the circuit input is calculated as: 

imn

g
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A

V
V =  (IV-97) 

In which Aimn is the voltage gain of the input matching network, defined in (IV-41). Using 

(IV-95), (IV-96) and (IV-97) we obtain: 
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Now similar to (IV-48) we can calculate the input power to the LNA at 3
rd

 order intercept 

point: 
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And finally: 
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The trans-conductance (gm), its second derivative and ratio of gm over its second derivative 

have been shown in Fig. IV-11, for W=30 um and different bias condition. This figure shows 

that the second derivative gm crosses zero. Based on (IV-100)  at this point IIP3  goes   toward  
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Fig. IV-11. The trans-conductance (gm), its second derivative and ratio of gm over its second derivative, versus 

gate-source bias voltage 

infinity. This point is the well known sweet point of 3
rd

 order non-linearity. Also this figure 

shows that the linearity increases with increasing Vgs. 

IV.3 Our LNA Optimization Methodology 
Various optimization techniques for LNA circuits were discussed in section IV.1.4. 

Simultaneous noise and power (impedance) matching is the most preferred technique in 

CMOS LNA and has been used in analytic, numerical or graphical optimization strategies. By 

this technique the best noise performance is calculated analytically, numerically or 

graphically, preserving the conjugate matching in both input and output.  

We will pursue this technique in our analytic and numerical optimization. We have 

developed 3-step design and optimization strategy in our work. The first step is based on the 

analysis results of previous section, in which simple models are used for active devices and 

passive and parasitic elements. In the second step, we use accurate Y-parameter model for 

active devices, as well as an accurate model for substrate and other parasitic effects. In this 

step, mathematical matrix equations are used in calculating matching circuits and LNA 

performance characteristics. Then graphical optimization is used to optimize the design 

parameters. In the third step, the layout is designed and final post layout simulation and 

verification is performed.  

All of our optimizations and simulations are carried out by our design tool, briefly 

presented in section IV.4. Our design tool will be compared in the last section of this chapter, 

with Spectre RF and the attached foundry design kit for STMicroelectronics 90 nm Global 

Purpose (GP) CMOS process. Accuracy and performance of our design tool is better than 

parasitic-aware simulation in Spectre-RF and hence we have used it in our design and 

simulations.  

The optimization goal definition is an important issue in each optimization problem. The 

goal must cover all of the designer’s desired characteristics, with proper weight. In the case of 

LNA, four characteristics, i.e. noise factor, gain, linearity and band-width should be included 

in the optimization goal. An standard Figure-of-Merit (FOM) that is conventionally used in 

literatures to compare different LNA designs, is defined as [99], [86], [61], [31]: 
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( )1
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 (IV-101) 

G is the absolute value of power gain, IIP3 is the absolute value of 3
rd

 order input intercept 

point in milliwats, BW is the LNA band width in GHz, PDC is the LNA DC power 

consumption in milliwatts and F is the noise factor (absolute value). In some cases IIP3 is 

replace by P1dB. 

However we will use constant-envelope modulations (See Chapter V) in our transceiver 

design and consequently linearity is of less importance. So we have used the below FOM to 

be maximized in our optimizations: 
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 (IV-102) 

IV.3.1 Step I: Analytic Optimization 

Analytic optimization is based on the analysis results of the later section. The optimization 

flow diagram has been shown in Fig. IV-12. In this flow chart we have used simple search 

method. However other numerical optimizations can be used in conjunction with the analytic 

equations. Two flowcharts have been shown in Fig. IV-12. The first is for input matching 

with degenerating inductor and series inductor in the gate. Normally with this matching, the 

LNA has good linearity. Nevertheless there is no freedom to control the linearity. The second 

flowchart is applied for LC matching network. In this condition the degenerating inductor has 

freedom to control the linearity. The design steps are as follows: 

 

Fig. IV-12. Cascode LNA optimization flowchart, based on analysis results, for input matching with series 

inductor (a) and input matching with LC network (b) 
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A) Input Matching Using Series Inductor in Gate 

a) Calculate approximated value of  ZinsU from (IV-6) 

b) Calculate the coefficients ai, bi and ci  

� In the case of conventional matching method, these coefficients are not defined  

� In the case of our first matching method , use (IV-9) 

� In the case of our second matching method , use (IV-12) 

c) Calculate the degenerating inductance, Ls  

� In the case of conventional matching method , use (IV-4) 

� In the case of our matching method  , use (IV-15) 

d) Calculate the gate inductor, Lg 

� In the case of our first matching method , use (IV-9) 

� In the case of our second matching method , use (IV-12) 

B) Input Matching Using Parallel Inductor in Gate 

This matching circuit is not applicable in the case of conventional input matching method. 

a) Calculate the degenerating inductance, Ls, using (IV-72) 

b) Calculate accurate value of  ZingL 

� In the case of our first matching method , use (IV-9) 

� In the case of our second matching method , use (IV-12) 

c) Calculate the matching inductor, Lm using (IV-22) 

d) Calculate the matching capacitance, Cm using (IV-25) 

C) Output Matching 

After designing the input matching network, the output matching network is designed. 

a) Calculate accurate value of  ZindL, using (IV-26) 

b) Calculate accurate value of  ZindU, using (IV-25) 

c) Calculate the matching inductor, Lt using (IV-31) 

d) Calculate the matching capacitance, Ct using (IV-28) 

D) Power gain analysis 

a) Calculate YinsU using (IV-5) 

b) Calculate accurate value of  ZingL , using (IV-12) 

c) Calculate the voltage gain of the input matching network  

� In the case of series inductor for input matching, use (IV-36) 

� In the case of parallel inductor for input matching, use (IV-37) 

e) Calculate the voltage gain of the lower transistor, with substituting (IV-37) in (IV-33) 

f) Calculate the voltage gain of the upper transistor, using (IV-39) 

g) Calculate the voltage gain of the output matching network, using (IV-41) 

h) Calculate the total voltage gain of cascode from (IV-42) 

i) Calculate the transducer power gain from (IV-44) 

j) Calculate the available power gain from (IV-45)  

IV.3.2 Step II: Y-Parameter Optimization 

After analytic design and optimization process, as discussed in the previous section, we use 

Y-Parameter analysis to optimization of the LNA circuit. In this step 4*4 Y matrix, developed 

in Chapter II is used as MOS transistor model. In the case of passive elements and parasitic, 

3*3 Y and 2*2 Y-Parameter models are used. The details will be given in the next section, in 

post-layout simulation.  
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IV.3.2.1 Y-Parameter analysis Basis 

Our Y-Parameter analysis is based on two-port network analysis and conversion from Y-

Parameter to S-Parameter. However, as described, we encounter with 3-Port and 4-Port 

models, that can not be manipulated using 2-Port Y-Parameters equations. For simplicity, we 

have used a simple transform to convert all models to two-port models. Consider the 4-Port 

network of Fig. IV-12, described by a 4*4 Y matrix and terminated to Y3 and Y4, in 3
ed

 and 

4
th

 ports, respectively.  Simply we can write: 
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Now we can write: 
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In which, )(YinvZ ′=′ and: 
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So we have; 
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And finally we obtain the equivalent two-port Y-Parameter model: 
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Fig. IV-13. Terminated 4-Port network and its equivalent 2-port model 



Chapter IV                                                                      LNA Design and Optimization 

                                                                                                        115 

IV.3.2.2 Input Matching and Gain Calculation 

The input matching with degenerating inductor in source and serial inductor in gate can be 

performed using Y-Matrix analysis, without need for numerical optimization. The details have 

been reported in our papers [100]. This method reduces one optimization variables and this 

leads to less complicated optimization process. However this method is not useful for other 

input matching networks.  

The power gain and impedance analysis, the LNA circuit is translated into a set of 2-Port 

cascaded networks, using the equation of the previous section.  

IV.3.2.3 Noise Performance Calculation 

We have developed a general method to convert any noisy multi-port network to an 

equivalent noise-less network plus standard current and voltage noises at the input port. 

Representing all of the internal noise sources as current noises, general noisy multi-port can 

be explained as a combination of a noise-less multi-port and some current noises at the ports, 

as depicted in Fig. IV-14 (a). Without loss of generality, we assign the input and output ports 

to the ports 1 and 2, respectively. Then the equivalent standard multi-port network will be as 

in Fig. IV-14 (b).  

The problem is to find the equivalent current and voltage noise sources at the input port. 

Describing the network by Y matrix we have: 
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Now we define a new matrix: 
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Then the equivalent current and voltage noises in Fig. IV-14 (b) is calculated as: 
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Where ij∆  and ij∆ ′′  are the determinant of the adjoint matrix of ij
th

 element of Y matrix in (IV-

108) and Y ′′ in (IV-109), respectively. 

After calculating the standard equivalent input noise sources, the noise parameters of the 

multi-port network are calculated [101]. In general Vn and In in Fig. IV-14 (b) are correlated. 

If the correlation coefficient is denoted as c: 

*

nnVIc =  (IV-111) 

We can divide In into two terms, one of them is correlated to Vn and the other is un-correlated: 

nuncn III +=  (IV-112) 

We can write: 
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Then the correlation admittance is defined as: 

n

nc
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V

I
jBGY =+=  (IV-114) 

And hence it calculated as: 
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Y =  (IV-115) 

Equivalent noise resistance is defined as: 
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=  (IV-116) 

Equivalent noise conductance is defined as: 
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Fig. IV-14. Noisy multi-port (a) and its equivalent noise-less multi-port network, with equivalent current and 

voltage noise sources at the input (b) 
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To derive the equation above we have used: 
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The optimum source admittance for minimum noise factor is calculated as: 
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Minimum noise figure is calculated as: 

( )
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And finally, the noise factor of the multi-port is calculated as: 
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IV.3.3 Step IV: Post Layout Simulation 

The main difference between post layout simulation and Y-Parameter analysis in the next 

section is in the modeling of transmission lines and passive devices. Note that all of the MOS 

transistor parasitic effects are included in Y-Parameter analysis, as well as in post layout 

simulation. Post layout simulation is performed in two steps. In the first step our design tool is 

used for final refinement of circuit parameters, to eliminate the deviations in the circuit 

characteristics, due to the accurate passive elements modeling. The final step is performed in 

the foundry design kit, after including all passive models and parasitic effects, to final verify 

the design. 

The circuit schematic in the post-layout simulation has been shown in Fig. IV-14. Parallel 

inductor in gate has been used for input matching, as in Fig. IV-4 (b). 3-type of distributed 

elements have been used: transmission lines, line-type inductors and T-connectors. In 

addition, A lumped model is used for modeling RF pads. The details of RF pad modeling will 

be given in Chapter III. MIM
1
 capacitors and all resistors are accurately modeled in the design 

kit, considering coupling to the substrate.  
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Fig. IV-15. Post-layout model of cascode LNA, with parallel inductor in input matching network. 

                                                
1
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IV.4 Practical Design and Fabrication 
First step of design is choosing proper circuit and its topology and configuration. This is 

accomplished based on the designer’s experience and the requirements of the system under 

design, in which the LNA will be used. The next step is determining the DC power 

consumption of the LNA. DC power is determined based on the system requirements and the 

designer’s experience and investigating the simulation results.  

As we explained, our design flow is a power- constrained optimization process and hence, 

as in all power-constrained LNA optimization techniques, the designer should estimate or 

choose the proper DC power consumption. We will do the DC power selection based on a 

logical investigation using our design tool. This design tool has the ability of analysis 

(simulation) and optimization (synthesis) of cascode LNA with various configurations. Both 

of simulation and synthesis may be accomplished in two ways: one way is based on the 

analytic equations derived in section IV.2.1 and the other is based on the numeric method, 

explained in section IV.3.2. MOS transistor model, described in Chapter II, is used in the 

design tool. Transmission lines, RF pads, inductors, parasitic elements and other passive 

elements are modelled as developed in Chapter III. Captured view of the design tool has been 

shown in Fig. IV-16. 

IV.4.1 Design Process 

IV.4.1.1 Circuit Topology and Implementation Issues 

As discussed in section IV-2, cascode LNA is most suited for low power applications, 

since it enables the designer to obtain good performance using a single stage LNA. So we use 

cascode topology in our design, as depicted schematically in Fig. IV-4. 
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Fig. IV-16. Captured view of our design tool 
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 Input and output matching networks may implemented in three ways: 

� Matching using lumped elements (Spiral inductors and lumped capacitors) 

� Matching with transmission lines 

� Matching using lumped capacitors and line-type inductors 

Various implementations have been compared in [66]. Matching using lumped elements is 

suitable for low frequency applications, although it has been advised and reported in recent 

years for mm-wave applications [93], [74], [72]. Main problem of this method is difficulties 

with design of spiral inductors in mm-wave frequencies. Matching with transmission lines is 

conventionally used in discreet RF circuit designs. This technique   also has widely been used 

in mm-wave integrated circuits [74], [83], [85]. Transmission lines may be implemented as 

Coplanar Transmission Lines (CPTL) or micro-strip lines. CPTL has the advantage of less 

unwanted couplings from adjacent lines and higher impedance [87], [79]. However micro-

strip lines have narrow lines that can be simply meandered and hence are area efficient. The 

most advantage of transmission lines are preventing the coupling to the substrate that is 

essential in CMOS technology, for which the substrate has low resistivity and causes 

considerable loss in high frequency. From this sense, micro-strip lines are more efficient than  

CPTL [85]. In general matching using transmission lines leads to very large chip area and 

hence it avoided, as long as possible.  

Matching using lumped capacitors and line-type inductors  combines the benefits of 

lumped element and transmission line matching implementations. By this way very compact 

and high quality factor matching network is obtained [90], [89]. We will use this 

implementation in our design. Combination of spiral and line-type inductors can be useful in 

cases that small and large inductors are used in the same circuit [89], [21].  

Based on Fig. IV-4, the output matching network is accomplished using an standard T 

network. However for input matching, we have two options. One is Fig. IV-4(a), in which a 

series inductor has been used in gate, as in conventional cascode configuration [23], [94]. The 

second option is using shunt inductor in gate [90], [60]. To compare these two options, we 

investigate the practical implementation issue of matching inductors. As discussed, we will 

use line-type inductors.  Line-type inductors can be designed as series or shunt inductors, as 

shown in Fig. IV-17. As this figure shows, shunt inductor makes possible to use a short-ended 

line-type inductor that has some advantages over series inductor. Shunt inductor leads to more 

compact layout, but if series inductor is used, the layout will be very large in one dimension 

and very small in other one.  On the other hand shunt inductor is less susceptible for parasitic 

effects that can not be accurately modelled in design steps [90]. Another important advantage 

of shunt inductor over series inductor is the impedance transformation property of shunt 

inductor that relaxes the input matching offers freedom to choose the degenerating inductor. 

By this way the degenerating inductor is considered to comply with the linearity requirements 

and hence smaller degenerating inductor is needed, in comparison with series inductor 

matching. Using degenerating inductor reduces the gain and hence is a challenge in mm-wave 

LNA [79]. 

Based of the above suggestion, we have chosen the parallel inductor in the input matching 

network and hence our design will be similar to Fig. IV-4(b). 

IV.4.1.2 DC Power Consumption 

The second step of our design is estimating the required DC power consumption. This is 

accomplished based on the designers experience and the requirements of the system under 

design, in which the LNA will be used. 

Thanks with our fast design tool that makes possible very fast design and optimization of 

cascode LNA, we examined many DC power consumptions to find the best value of DC 

power consumption.  For this purpose we  optimized our LNA  with  various DC  powers  and 
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Fig. IV-17.  Two different using of line-type inductors: (a)Serial  and (b) shunt configurations. 

then we compared the resulted maximum FOM of (IV-102) for each value of DC power 

consumption. The resulted comparison has been shown in Fig. IV-18. From this figure, 3-mW 

DC power is the best choice and hence is chosen in our design. It must be noted that this 

result has been obtained using the last version of our design tool that uses complete and 

accurate model of transistor. In the earlier versions, we had simpler models and different 

optimization strategy. Consequently we designed our first LNA (the fabricated LNA) for DC 

power of 4-mW. 

IV.4.1.3 Optimization and Verification 

After choosing the circuit configuration and DC power consumption, The LNA can be 

optimized using our design and simulation tool. As explained, the first step in this way is 

analytic optimization. Then an accurate numerical optimization is performed around the 

optimization variables value, obtained from analytic optimization.  Finally the performance of 

designed LNA is verified using simulation with frequency sweep.  

The performances of the designed LNA have been depicted in Fig. IV-19 to Fig. IV-21.  S-

Parameters have been shown in Fig. IV-19. This figure shows that minimum value of S11 and 

S22 are slightly different   from   the designed center frequency, i.e.  30 GHz. This is due to the 

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

DC Power Consumption (mW)

F
O

M

 

Fig. IV-18. Figure-of-Merit of our cascode LNA with different DC power consumptions 
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effect of the quality factor of inductors that are modelled more accurately in simulation mode. 

From this figure, maximum power gain is 14.5 dB and isolation is well acceptable in all of the 

band. Fig. IV-20(a) shows the operating power gain (G), in comparison with the available 

power gain (Ga). From this figure, at the center frequency G is equal to Ga. This implies good 

input and output matching design. Noise figure (NF) and minimum noise figure (NFmin) have 

been shown in Fig. IV-20(b). This figure shows that at the center frequency NF has the 

smallest difference from minimum noise figure. Note that NFmin is achieved if the optimum 

noise matching is satisfied in the input, that is contradictory with power matching and hence 

scarify the power gain. Two characteristics in Fig. IV-20, i.e. equal G and Ga, in addition with 

closest NF to NFmin proves the effectiveness of our optimization strategy.  Linearity 

performance of the LNA has been depicted in Fig. IV-21. Although IIP3 equal to -12.5 dBm 

is not very good linearity, it is sufficient for our application, in which constant-envelope 

modulations will be used. FOM defined in (IV-102) has been shown in Fig. 21, from which 

deduced that the maximum FOM has been achieved at frequency slightly higher than the 

center frequency. However FOM at the center frequency is not so lower than the maximum 

value. One simple way to obtain maximum FOM at the center frequency is to shift the design 

frequency slightly lower than the desired center frequency. By this way maximum FOM is 

obtained, in expense of a little reduction of power gain and matching performance.  
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Fig. IV-19. S-Parameters of 3-mW, 30 GHz designed LNA 
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Fig. IV-20. Power gain and noise figure of 3-mW, 30 GHz designed LNA 
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Fig. IV-21. IIP3 and FOM, defined in (IV-102), for 3-mW, 30 GHz designed LNA 

IV.4.2 LNA Layout and Post Layout Simulation 

IV.4.2.1 Layout Design 

Layout design is very important in mm-wave circuits and may greatly affect the performance 

of the design. In the case of our work, this issue is very sever, since the available design kit 

for our work is a global purpose CMOS design kit that does not have any layout library or 

layout design guidelines for RF devices and elements. The catastrophe is that the extraction 

tool provided by the foundry design kit is not useful for our frequency band of interest. 

Consequently most of the layout design efforts and modeling layout effects must be 

accomplished by the designer.  

The layout design can be divided into two categories: Active devices and passive elements. 

The layout issue of MOS transistor was investigated in Chapter II and the layout issue of 

inductors, transmission lines and RF pads were considered in Chapter III. The layout and 

layout model of MIM capacitors and different types of resistors are available in the design kit 

library and are enough accurate to be used in our design. The layout of other devices and 

elements were designed and modeled by ourselves. We have constructed an individual library 

of required devices and elements as Parametric Cells (PCELL) in Virtues layout design 

environment of CADENCE software, to which the foundry design kit has been attached. 

PCELL design provides the possibility of design of library elements with parameterized 

aspects and dimensions and each parameter can be redefined in each instantiation of the 

library part. 

All of the layout design rules, provided by the foundry as the Design Rule Manual (DRM) 

must be complied for all layout elements. The most annoying rule in our design was the 

density rules for active, poly-silicon and metal layers. Density rules originate from 

technological points of view and each metal (or active or poly-silicon) layers have their 

individual maximum and minimum density limits, defined for different density calculation 

criteria.  In a general purpose (digital or low frequency conventional analog designs) the 

designer uses the design kit layout library, for which all of the layout design rules have been 

complied and in special cases that one wants to use his/her individual layout, the only 

problem is to satisfy the maximum density limits. The reason is that the minimum density 

limits are complied by the automatic dummy insertion tool, provided in the foundry design 

kit. Unfortunately dummy metals perturbs the performance of devices and elements in RF 

design and hence automatic dummy insertion can not be used in RF and specially in mm-

wave design. The only solution is that the layout be designed manually in accordance with all 



Chapter IV                                                                      LNA Design and Optimization 

                                                                                                        123 

of the design rules and the RF area of the layout be covered with no-dummy logical layers 

that prevent automatic dummy insertion. 

Wide ground lines of transmission lines and inductors can not be routed as single wide 

lines. Instead the structure similar to Fig. IV-22(a) should be used. This figure shows the top 

and side cross section view. Remind that each ground line is actually a 3-dimentional 

structure, composed of stacked metal layers, each layer connected to the preceding layer by 

many via’s. The via design is a complicated process and we have used PCELL design 

technique to correct instantiation of sufficient number of via elements, as well as routing 

error-less metal lines to construct a ground line with desired length and width. To laying out 

high impedance transmission lines, incorporated in line-type inductors, we have used the 

structure shown in Fig IV.22(b). By this way the line capacitance increases, but the line 

inductance remains almost unchanged. Consequently the reduction of the line impedance due 

to dummy elements is minimized. We have developed some mathematical procedures to 

analytical design of metal pieces in ground lines, dummy pats and RF pads. 

Density rules are more sever in the case of RF pads. Pad design is an important and very 

complicated issue in layout design. Different types of pads have their individual requirements. 

Normally different types of pads are presented as library element in foundry design kit, with 

different features like optimum routing possibility, electrostatic discharge (ESD) protection, 

signal or power handling. A common requirement of all types of pads is mechanical strength. 

This is necessary to make the pad immune against the mechanical pressures due to probing or 

contacting. Consequently pads have their individual design rules that are more tighten that 

that of other sections.  Due to  vast  area of pad,  it has high coupling with substrate and hence 

 

 

Fig. IV.22. Top view and cross section of wide ground line (a) and high impedance transmission line with 

special dummies, designed to minimize the line impedance reduction due to dummies.  
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the pads available in the design kit layout library are not useable for our design. So we have 

designed our RF pad to minimize the coupling and meanwhile satisfying the pad design rules. 

A simple representation of RF pad has been shown in Fig. IV.23. To reduce the substrate loss, 

the RF pad is surrounded by a ground ring of stacked metal line, as in Fig. IV-22(a). More 

details can be found in Chapter III. 

Beside density rules, the rules related to minimum space of metal lines and via’s are very 

important and many frequently cause design rules check error, if do not accurately considered. 

Metal line branches must be routed only in 900 or 450. This causes limitations in some cases. 

There is a class of special design rules, referred as Antenna design rules. This class of rules 

has been intended to consider the current density of metal lines and via’s and to prevent the 

damages due to electro migration. Fortunately these rules are not important in our design, 

since the current lines are of enough width, very higher than the antenna rules limits. Actually 

these rules are important in very dense digital or low frequency designs. 

The final layout of designed LNA has been shown in Fig. IV.24. 

 

Fig. IV-23. (a) Layer stack (vertical cross section) and (b) top view of RF pad  

 
 

Fig. IV.24. Layout of designed LNA. The vide area outside of LNA core will be field with dummies by 

automatic dummy insertion process 
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IV.4.2.2 Post Layout Simulation 

Post layout simulation of the designed LNA was performed regarding Fig. IV.15. In this 

simulation, complete MOS model and related parasitic, developed in Chapter II was used. 

Accurate modelling of parasitic effects and extraction of related parameters was performed 

with full wave simulation using Ansoft HFSS. For this purpose, we developed special 

programs  to construct very complicated 3-dimensional structures in HFSS environment. The 

details have been explained in Chapter III. 

The transmission line sections have been optimized using quasi-static models of 

transmission line, T-junction and line-type inductor, developed in Chapter III. In post layout 

simulation, the transmission lines and inductors was replaced with their quasi-TEM model. 

RF pads were modelled using the pad structure of Fig. IV.23, considering the surrounding 

ground ring, as in the final layout of Fig. IV.24. The details have been presented in Chapter 

III. The inductance and quality factor of the inductors in the input and output matching 

networks have been shown in Fig. IV.25. 

Due to effect of RF pads, transmission lines and T-branches it is necessary to do some 

trimming in the length of line-type inductors, to obtain better performance. S-parameters of 

the LNA, obtained from post layout simulation after trimming, have been shown in Fig. 

IV.26. For comparison, S21 of pre-layout simulation, shown in Fig. IV.19,  has been included 

in this figure. Bandwidth of post layout results is less than that of pre-layout simulation. This 

can be justified using the inductance and quality factor line-type inductor in Fig. IV.25. 

Actually and inductor never acts as an ideal inductor in high frequencies. Each inductor has a 

resonance frequency at which the quality factor of inductor decreases to zero. Beyond this 

frequency, the inductor acts as a capacitor. As the working frequency nears to the resonance 

frequency, the inductance and the quality factor has more sharp variations versus frequency 

and this is why the bandwidth in post layout simulation is narrower that pre-layout simulation, 

in which the resonance of inductors has not been considered. The input and output matching 

are holds simultaneously at the center frequency and hence the maximum power gain is 

achieved at the center of band.  

Fig. IV.27 shows the noise figure, obtained from post layout simulation, in comparison 

with pre-layout simulation. The noise figure is slightly worst in the post layout simulation and 

the best noise figure is achieved at the frequency slightly higher than the center frequency. 

Linearity and stability of the LNA, obtained from post layout simulation has been shown in 

Fig. IV.28. Rollett stability factor is defined as [101]: 
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Fig. IV.25. Inductance and quality factor of line-type inductors in the input matching network (IMN) and output 

matching network (OMN).  
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21212211 SSSS −=∆  

If Kf > 1, the circuit is unconditionally stable. Higher value of Kf implies higher stability. 

From Fig. IV.28 our design is unconditionally stable in all of the frequency below 60 GHz. 

Performance of designed LNA has been tabulated in Table IV-3.  

10 20 30 40 50 60
-50

-40

-30

-20

-10

0

10

20

Frequency (GHz)

S
-P

a
ra

m
e
te

rs
  
(d

B
)

 

 

S11

S22

S21

S21 (pre-layout)

S12

 

Fig. IV.26. Post layout simulation of optimized  3-mW LNA after trimming of inductors length. S21 of post 

layout simulation has been compared with pre-layout simulation. 
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Fig. IV.27. Noise figure of post layout simulation, in comparison with pre-layout simulation 

 

TABLE IV-3 

Performance of the designed LNA at 31GHz, from post layout simulation 

PDC(mW) S11(dB) S22(dB) S21(dB) S12(dB) Ga (dB) NF (dB) IIP3(dBm) Kf FOM
*
 

3 -25 -26 13.8 -28 13.9 3.6 -9.8 2.8 2.48 

*
FOM has been defined in (IV-102) 
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Fig. IV.28. Linearity and stability of the LNA, obtained from post layout simulation 

IV.4.3 Fabricated LNA and the Measurement Results 

IV.4.3.1 Design and Simulation 

In 2006 we completed the design of the first version of our LNA in the STMicroelectronics 

90nm Global Purpose (GP) CMOS process. As explained, this was the fist experience in the 

IMEP laboratory in bulk CMOS  technology, in 30GHz band. Consequently we was obligated 

to develop a framework, consisting circuit design and optimization tool and layout facilities 

for mm-wave design in bulk CMOS foundry design kit. The layout of the designed LNA was 

completed in May 2006 and was sent to be fabrication by STMicroelectronics.  

Based on our simulations, we found that 4-mW is the best choice for our work, in which 

power consumption is very important. This was based on the first version of our design tool. 

As we explained in section IV.4.1.2, we designed the last version of our LNA for 3-mW DC 

power consumption. The snap shot of the layout has been shown in Fig. IV.29. 

Post layout simulation results of the fabricated LNA have been shown in Fig. IV.30. 

Unfortunately due to a mistake in layout of the input matching network, the performance of 

LNA was corrupted, as shown in Fig. IV.31. Since our layout process does not have the 

ability  

 

Fig. IV-29. The snap shot of the fabricated 4-mW LNA layout 
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Fig. IV-30. S-Parameters of  4-mw LNA, obtained from post layout simulation  
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Fig. IV-31. S-Parameters of  4-mw LNA, obtained from post layout simulation, after incorporating the mistake 

in the input matching network layout 

of automatic layout check, the mistake was not recognized. Remind that the standard layout 

check tools of the CADENCE could not be used in our work. Fig. IV.31 shows that the 

optimum input matching and the maximum gain has been shifted from 30 GHz to 25 GHz. 

Nevertheless, as we will show, using the measurement results, we can predict the performance 

of the LNA, if the mistake did not occur. 

IV.4.3.2 Measurement Results 

A) S-Parameter Measurement 

Die photograph of the fabricated LNA has been shown in Fig. IV.32. LNA core area is 

equal to 0.1 mm
2
 (400um× 250um). S-Parameter measurement was performed using the 

available micro probe set, composed of: 

� Agilent   8510C 40 GHz VNA
1
,  

� Karl Suss (KSM) microprobe system 

� CASCADE MICROTECH microprobe tips, with 200 um pitch. 

                                                
1
 Vector Network Analyzer 
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Before starting measurement, VNA and probing system must be calibrated. Calibration is 

very important in on-wafer measurements. Various calibration techniques, such as Short-

Open-Load-Through (SOLT), Through-Reflect-Line (TRL) and Line-Reflect-Match (LRM)  

have been developed for microprobe systems [102], [103], [104]. Each microprobe systems 

has its individual calibration set for wafer level calibration, compose of (at least) three of four 

calibration sets, i.e. gold short circuits (Short), gold open pads (Open) and gold plus thin film 

resistors (Load or Match). These calibration sets, shown in Fig. IV.33, are fabricated on 

special substrate by the company or may designed as apart of the under-test chip by the circuit 

designer. Prior to measurements, S parameters of calibration sets are measured and special 

calibration program is run by VNA and determines twelve-term error model. In our 

measurement, LRM technique was used for calibration of VNA and probing system. LRM 

combines the advantages of old calibration techniques, such as SOLT and TRL [104]. In 

recent years, a new calibration method, named LRM+ has been presented by SUSS Micro Tec 

System [105], [106]. 

 

Fig. IV-32. Die photograph of the fabricated LNA. GSG (Ground-Signal-Ground ) and matching inductors(IMN 

and OMN) have been marked on the figure. 

Load/Match
Short

Open Through

 

Fig. IV-33. Calibration standards, used for wafer level calibration of on-wafer RF measurement system [106]. 
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The results of S-Parameter measurement have been shown in Fig. IV. 34. The maximum 

power gain and S22 are exactly at 30 GHz, proving the accuracy of our design. However, the 

optimum input matching (Minimum of S11) has been shifted to 25 GHz. As explained, this is 

due to the mistake in placement of input matching inductor and was predicted with simulation 

by our design tool in Fig. IV.31.. The reverse isolation of LNA is very good and this proves 

the good stability of the LNA, as predicted by our simulation.  

Operating power gain is defined as the ratio of power delivered to the load and the power 

delivered to the amplifier and is calculated as [101]: 
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Since in our work ZL and Zs are equal to the reference impedance, SΓ  and LΓ   are zero and 

hence (IV-122) reduces to: 
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Operating  power gain of the LNA, calculated from measured S-parameters, has been 

shown in Fig. IV.35. From this figure, peak power gain of 10dB occurs exactly at the 

designed center frequency, i.e. 30 GHz. 
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Fig. IV-34. Measured S-parameters of our fabricated 4-mW LNA. Due to the mistake in the input matching 

network layout, S11 has been shifted from 30 GHz and S21 has been reduced.  
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Fig. IV-35. Measured power gain of our fabricated 4-mW LNA 

To evaluate the parasitic aware simulation in Spectre-RF and the attached foundry design 

kit, we have simulated the LNA, after adding post layout parasitic effects and using lumped 

model of transmission lines and inductors. The simulated circuit has been shown in Fig. 

IV.36. On the other hand to evaluate our design tool, we have performed the post layout 

simulation using our design tool.  

In Fig. IV-37, S-parameters obtained from measurement have been compared with post 

layout simulation results, using our design tool and using the foundry design kit, attached to 

Spectre-RF  simulator. This figure shows that the results of our design tool is more close to 

the measurement results, than the  Spectre-RF results. The reason is that although we have 

added post layout parasitic to the LNA circuit in Spectre-RF, there is inherit limitation in 

modeling substrate effect in BSIM3v3 model that has been used in Spectre-RF simulation. 

Actually in Spectre-RF, we have not access to the internal substrate nodes. This comparison 

validates our design tool and hence we are sure about our last designed LNA.  

Drain Inductor

RF Pad

T-Branch

RF Pad Gate Inductor

 

Fig. IV-36. Schematic of the LNA circuit for post layout simulation in CADENCE with  SpecreRF simulator 
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Fig. IV-37. S-parameters, obtained from measurement, in comparison with post layout simulation using our 

design tool and the foundry design kit, attached to CADENCE. 

B) Noise figure measurement 

Noise figure measurement was carried out using Agilent N8975A noise figure analyzer. 

Unfortunately the maximum measurement frequency of this noise figure analyzer is 26.5 

GHz. The measurement result has been shown in Fig. IV-38 and has been compared with the 

simulation results using our design tool. From this figure, the simulation results have very 

good agreement with measurement results. 

We tried to do the measurement with other measurement methods. Besides using standard 

noise figure analyzer, there are two noise figure measurement methods that are used in 

practical applications. These methods are named as Y-factor method and gain method [107]. 

The measurement setups for these methods have been depicted in Fig. IV-39. Y-factor method 

needs to standard noise source with the maximum frequency more than the DUT
1
. Since such 

standard noise source was not available for us, we could not use this method. Instead we 

examined the gain method. 

In gain method, the input port to the DUT is terminated to reference impedance (50Ω for 

RF systems). Then the output of DUT will the amplified noise, due to the 50 Ω source and the 

inherit noise of DUT.  The DUT output is amplified using a high gain amplifier, so that the 

DUT output noise power can be measured with a spectrum analyzer. Then we have: 

( )GBWHzdBmPNF noDUT ++−−= )log(10/174  

PnoDUT is the output noise power of DUT, -174dBm is the noise density of ambient noise (290 

K
0
) BW is the DUT bandwidth and G is the measurement system gain.  

                                                
1
 Device Under test 
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Fig. IV-38. Measured noise figure of the fabricated LNA, in comparison with post layout simulation using our 

design tool 

Spectrum Analyzer

DUT GG

(a)
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DC Source Spectrum Analyzer

NS

Standard Noise Source

 

Fig. IV-39. Noise figure measurement with gain method (a) and Y-factor method (b) [107]. 

If we measure directly the power density, instead of total power, this equation can be 

simplified to: 

( ) GHzdBmHzdBmPNF noDUT −+= /174/  

The limitation of gain method comes from the noise floor of the spectrum analyzer. We 

used Anritsu MS2668C, the available spectrum analyzer in the laboratory, in conjunction with 

extra 40dB gain. Unfortunately the noise floor of the spectrum analyzer was -84dBm/Hz, and 

was not sufficient for our measurement. So, an Agilent spectrum analyzer with noise floor of -

150dBm/Hz should be used, that was not available for us. 

C) Linearity Measurement 

IIP3 conventionally is used for express the linearity of LNA. To measure this parameter, the 

outputs of two RF sources are combined and applied to LNA. The RF sources outputs are 

same power, in the LNA frequency band and with a small frequency difference. Then the 

power of desired signal and the 3
rd

 order inter-modulation terms are measured using a 

spectrum analyzer.  

P1dB is also used for express the linearity of LNA. Since two RF sources were not available 

for our measurements, we measured P1dB, instead of IIP3. The measurement results have 

been shown in Fig. IV-40. From this figure, at the 1dB compression point, the input power 

(IP1dB) and the output power (OP1dB) are -9.7 and -3.8, respectively. 
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Fig. IV-40. Compression point measurement of the fabricated LNA 

D) Comparison with Reported Works 

In recent years, many mm-wave LNAs have been reported in different technologies. Among 

the reported works, we have tabulated the reported LNAs in CMOS technologies, in 30GHz 

band.   For comparison of different   designs   we have used the conventionally used figure-of-

merit of (IV-101). The comparison has been performed in Table IV-4. Due to leak of reported 

characteristics, FOM can not be calculated for some of listed cases. This table shows that the 

chip are of our    LNA is a    record,   in       thanks    with   the line-type inductors we have  
TABLE IV-4 

Comparison of our fabricated and designed LNA with the reported LNAs in 30GHz band  

Reference [90] 

F. Elinger 

[91] 

Dupuis et al. 

[85] 

Tsai et al. 

[86] 

Sanduleanu et al. 

[88] 

Yu Su et al. 

Year 2004 2005 2006 2006 2006 

Number of Stages 1 1 3 2 1 

Process 90nm (SOI) 

CMOS 

90nm (RF) 

CMOS+WLP 

130nm 

CMOS 

90nm CMOS 130nm 

CMOS 

Peak Gain (dB) 11.9@35GHz 7.5@24GHz 20@43GHz 18.6@33GHz 8.4@26.2GHz 

NF (dB) 3.6@35GHz 3.2@24GHz 6.3@41GHz 3@33GHz 4.8@26.2GHz 

OP1dB (dBm) 4 N/A 4 N/A N/A 

IIP3 (dBm) N/A N/A -5.5 N/A -13 

DC Power (mW) 40.8 10.6 36 10 0.8 

3-dB BW 16 7 10 3 3.7 

Chip Area (mm
2
) 0.18 2.1 0.525 0.856 N/A 

FOM ----- ----- 2.397 ----- 0.794 

 
Reference [93] 

S. Yen et al. 

[87] 

Niknejad et al. 

This Work 

(Fabricated) 

This Work 

(Simulated) 

Year 2006 2007 2006 2008 

Number of Stages 3 2 1 1 

Process 180nm CMOS 90nm CMOS 90nm CMOS 90nm CMOS 

Peak Gain (dB) 10.2@32GHz 20@28.5GHz 10@30GHz 13.9
*
@30GHz 

NF (dB) 4.62@32GHz 2.9@28GHz 4.7 3.4
*
 

OP1dB (dBm) 3.6 2 -3.8 ----- 

IIP3 (dBm) 3 -7.5 -9.7
*
 -10

*
 

DC Power (mW) 27 16.25 4 3
*
 

3-dB BW (GHz) 9 2.5 4.7 3.8
*
 

Chip Area (mm
2
) 0.37 0.67 0.1 0.1

*
 

FOM  3.671 2.88 0.645 2.618 
*
 Post layout simulation 
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developed and used in our design. The chip area for all of the cases, is the area of LNA core, 

excluding the input-output pads area. 

Regarding Table IV-4, the reported multi-stage LNAs have higher FOM, in comparison 

with single-stage LNAs. This can be intuitively explained by noting that for cascaded, 

identical gain stages, the total gain increases exponentially with the number of stages whereas 

power consumption increases linearly [108]. This is the basis of the Meindle-Hudson criteria 

to optimize the number of RF gain stages in a receiver front end [109]. On the other hand, in 

the FOM defined in (IV-101), both of the gain and power are absolute value. As an example, 

suppose two LNAs: First LNA is a single stage with 10dB gain and 5mW power consumption 

and the second one is a two-stage LNA, each stage is exactly the same as the first LNA. So, 

the gain and power consumption of the second LNA is 20dB and 10mW, respectively. Then 

regarding (IV-101), FOM of the second LNA is two times of the first LNA, in spite that two 

LNAs use the same circuits. This explanation reveals that the conventional FOM of (IV-101) 

is valid only for the LNAs with equal number of stages. It must be noted that two stage LNAs 

can not be used in ultra-low power applications, due to their inherently high power 

consumptions. 

As a consequence of the above suggestion, we have re-tabulated the recently reported 

single stage LNAs in Table IV-5. Among the compared LNAs, the FOM  is calculated only 

for the LNA of [88], due to leak of IIP3 performance for the others. Comparison of our 

fabricated LNA with that of [88] shows that our work is acceptable, as our first experience. 

Note that this is despite of the mistake of placement in layout of our LNA, as explained 

previously. Our post layout simulation (last column of the table) shows that if the mistake did 

not occur, then our design could achieve very good performance. To be able to compare all of 

the reported works of Table IV-5, we have recalculated the FOM, after dropping IIP3 from 

FOM definition of (IV-101). This is acceptable in our work, since the linearity is not crucial 

in WSN applications. Then the table shows that our fabricated LNA has better performance 

than [90] and [91]. And our last design, has superior performance!! Actually its performance 

is well comparable with two-stage LNA of Niknejad et al., reported in 2007. 

 
TABLE IV-5 

Comparison of our fabricated and designed LNA with the reported single stage LNAs in 30GHz band 

Reference [90] 

F. Elinge 

[91] 

Dupuis et al. 

[88] 

Yu Su et al. 

This Work 

(Fabricated) 

This Work 

(Simulated) 

Year 2004 2005 2006 2006 2008 

Number of Stages 1 1 1 1 1 

Process 90nm (SOI) 

CMOS 

90nm (RF) 

CMOS+WLP 

130nm 

CMOS 

90nm CMOS 90nm CMOS 

Peak Gain (dB) 11.9@35GHz 7.5@24GHz 8.4@26.2GHz 10@30GHz 13.9@30GHz 

NF (dB) 3.6@35GHz 3.2@24GHz 4.8@26.2GHz 4.7 3.4 

OP1dB (dBm) 4 N/A N/A -3.8 ----- 

IIP3 (dBm) N/A N/A -13 -9.7
*
 -10 

DC Power (mW) 40.8 10.6 0.8 4 3 

3-dB BW 16 7 3.7 4.7 3.8 

Chip Area (mm
2
) 0.18 2.1 N/A 0.1 0.1 

FOM ----- ----- 0.794 0.645 2.618 

FOM
**

 4.705 3.409 15.841 6.022 26.188 
*
 Post layout simulation 

**
FOM without IIP3 
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