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ABSTRACT 

 

The wireless communication industry is currently experiencing tremendous growth. 

In responding to the demand for a low-cost but high performance wireless front-end, 

many intensive researches on CMOS radio-frequency (RF) front-end circuits have been 

carried out. The ultimate goal is to minimize the trade-off between high performance and 

low-cost, low power consumption design. 

Low noise amplifier (LNA) is typically the first stage of a receiver. Its performance 

greatly affects the overall receiver performance. In this thesis, four LNAs are proposed. 

They are designed for the IEEE 802.15.4 standard in the 2.4 GHz ISM band. The first 

three LNAs are optimized for low NF and low power. An application of this type of LNA 

is to be used as the amplification stage before the active mixer in the receiver chain . 

Active mixer provides active gain while consuming some dc power. Therefore the LNA's 

gain requirement can be relaxed. But its power consumption needs to be low to 

compensate for the power consumption from the active mixer. With a relaxed gain, the 

LNA should have good NF to avoid degrading the overall receiver NF. The fourth LNA is 

optimized for high gain. This optimization is useful in the receiver system where passive 

mixer is used for frequency conversion. Passive mixer consumes no dc power while 

having some conversion loss. Therefore, high LNA gain is required in this type of 

system.  

There are four important contributions in this research. Firstly, and LNA (LNA1) that 

combining the merits of the inductive source degeneration common-source LNA          

(L-CSLNA) and the common-gate LNA (CGLNA) is introduced. The proposed LNA1 is 

a fully differential   -boosting CGLNA with series inductor input matching network that 
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improves the NF. The circuit's input matching, NF and gain have been derived to verify 

the design methodology. The LNA was designed and fabricated using 0.18 µm CMOS 

technology. It consumes only 0.98 mA from 1.0 V power supply and achieves a measured 

gain of 15 dB and NF of 5 dB. The series inductor input matching CGLNA is attractive 

for low-power fully integrated applications in CMOS technologies. 

Even though the high NF problem of the CGLNA has been addressed in the proposed 

LNA1, we wish to further reduce the NF to achieve better trade-off between NF and 

power consumption. LNA2 was designed with a simple but effective noise-reducing 

technique. An inductor was added in parallel to the input transistor to reduce the noise 

from both the cascode and the input transistor. The LNA's input matching, NF and gain 

have been derived to verify the design methodology. The LNA achieves a measured gain 

of 14.8 dB, NF of 4.5 dB and IIP3 of -5.7dBm respectively. It consumes only 0.95 mW 

from a 1.0 V supply voltage. 

The third LNA (LNA3) was designed to consume less power and provide lower NF 

than that of LNA1 and LNA2. The power consumption can be reduce by operating the 

circuit at lower supply voltage but this shouldn't degrade the circuit's performance. LNA3 

was designed for very low supply voltage such as 0.6 V. To deal with the small voltage 

headroom, the single-stage non-cascode structure is employed. The poor reverse isolation 

problem in this structure is improved by using the capacitive cross-coupling (CCC) 

across the two sides of a differential input stage. The CCC technique has been utilized in 

many LNA designs. However, in all of the reported works using CCC, the CCC technique 

was mainly used to improve the NF, not the reverse isolation. The poor reverse isolation 

problem in single-stage non-cascode structure has never been analyzed. This work shows 
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a novel analysis on the feedback cancellation mechanism to improve the reverse 

isolation. Other analysis on input matching, gain and NF of LNA3 was also performed to 

show the feasibility of employing CCC technique for low-voltage LNA as well as the 

advantages of LNA3 over the conventional common-source (CS) and common-gate (CG) 

LNA. This LNA is designed using 0.18 µm CMOS technology. At 2.4 GHz, high reverse 

isolation of -38 dB and good input matching of -24 dB was obtained. The LNA produces 

a total gain of 14 dB while drawing only 0.83 mA from a 0.6 V supply voltage. The NF is 

only 3.55 dB. The total power consumption is only 0.5 mW. 

The fourth LNA (LNA4) was designed to achieve very high gain. It utilizes the π-

match and capacitive feedback input network. The capacitive feedback helps to eliminate 

the need of using inductor at the source terminal of the input transistor for input matching 

condition. Moreover, higher gain and an additional degree of design freedom are 

achieved with the use of the π-match network. The detailed input matching, NF and gain 

have been derived to verify the design methodology. The LNA is designed using 0.13µm 

RF CMOS technology. It achieves a gain of 21.7 dB with an S11 of -12 dB while 

consuming only 0.6 mW. The NF is 4.9 dB and the IIP3 is -12 dBm. 

The performance of the four LNAs meets the specification requirements of the 

desired standard. In brief, the thesis investigates the CMOS RFIC designs, especially for 

LNA designs. It provides different approaches which can help to achieve a compact, low 

power and fully-integrated LNA.  
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1.                       Chapter 1: Introduction 

 

1.1 Motivation 

The IEEE 802.15.4 standard was specially designed to cater for the fundamental 

lower network layers of wireless personal area network (WPAN) which focuses on low-

cost, low-speed ubiquitous communication between devices. The emphasis is on very low 

cost communication of nearby devices with low power consumption and little to no 

underlying infrastructure. The concept of IEEE 802.15.4 standard is to provide 

communications over distances up to about 10 meters and with maximum transfer data 

rates of 250 kbps. Low power consumption has been the centre of attention for many 

technologies. In the context of mobile wireless applications, lower power consumption 

can lead to longer battery life or in another word longer time over which a mobile device 

can be used without having to recharge. The IEEE 802.15.4 frequency bands align with 

the license free radio bands that are available around the globe. Of the bands available, 

the 2.4 GHz band is the most widely used in view of the fact that it is available globally 

and this brings many economies of scale. 

It is known that the LNA is the first active amplification block in the receiving path as 

shown in Figure 1.1.  

RF Filter

LNA A/D

LO

Low Pass Filter

 

Figure 1.1: RF receiver 
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In fact, the performance of the RF receiver is significantly influenced by the LNA [1]. 

Being the first block of the receiver, the LNA plays a crucial role in amplifying the 

received signal while adding little noise to it. In addition, the input of the LNA needs to 

be matched to the output of the filter following the antenna to prevent the incoming signal 

from reflecting back and forth between the LNA and the antenna. While the LNA is a 

relatively simple design compared to other RF components in a cellular receiver chain, 

the performance tradeoffs challenge the LNA design engineer. LNA design typically 

involves making choices between directly competing performance parameters such as: 

noise, gain, linearity and power consumption. In the IEEE 802.15.4 standard, the NF and 

linearity requirement can be relaxed in order to achieve other important parameters such 

as gain and power consumption. 

1.2 Objective and Major contributions 

The objectives of our research are to develop a thorough understanding of low-power 

LNA design and to introduce new low-power LNA design for the IEEE 802.15.4 

standard. In this thesis, four LNAs are proposed for the 2.4 GHz ISM band of IEEE 

802.15.4 standard. The first three LNAs were optimized for low NF and low power 

consumption while the fourth LNA was optimized for high gain. 

The first design (LNA1) is a fully differential   -boosting CGLNA with series 

inductor input matching network that retains the advantages of both the CSLNA and 

CGLNA topology. It consumes only 0.9 mA from 1.0 V power supply and achieves a 

measured gain of 15 dB and NF of 5 dB.  

In the second design (LNA2), we introduced a noise cancellation technique that 

reduces the NF of the CGLNA to achieve better trade-off between NF and power 
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consumption. The LNA achieves a measured gain of 14.8 dB, NF of 4.5 dB and IIP3 of    

-5.7 dBm respectively. It consumes only 0.95 mW from 1.0 V supply voltage. 

The third LNA (LNA3) was designed with low supply voltage to reduce the total 

power consumption. LNA3 was designed to operate at 0.6 V supply voltage. It uses a 

single-stage non-cascode structure with CCC across the two sides of a differential input 

stage. The CCC technique had been employed in many other LNAs. However, it was 

mainly used to improve the LNA‟s NF and none of the LNAs using CCC had 

demonstrated low voltage operation properly. In this work, the CCC technique is not only 

used to lower the LNA‟s NF, but also to improve the reverse isolation of the single-stage 

non-cascode structure. A novel analysis on the feedback cancellation mechanism of the 

CCC technique was carried out. At 2.4 GHz, it has an input matching better than -24 dB 

and a reverse isolation better than -38 dB; produces 14 dB gain and 3.55 dB NF while 

drawing only 0.83 mA current from a 0.6 V supply voltage. 

The fourth LNA (LNA4) was designed to achieve very high gain. The π-match and 

capacitive feedback input network were utilized. The capacitive feedback network helps 

to save on chip area by using only one inductor for the input matching. The π-match 

network introduces an additional degree of design freedom and allows the LNA to 

achieve higher gain than the conventional L-CSLNA. It achieves a gain of 21.7 dB with a 

S11 of -12 dB while consuming only 0.6 mW. The NF is 4.9 dB. 

For all designs, the circuit's input matching, noise factor and gain have been derived 

to verify the design methodology. Compared to recent related works, our LNAs consume 

the least power but still achieve a very good performance in other parameters. 
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1.3 Thesis organization 

The thesis is organized into seven chapters. Chapter 1 provides an introduction, 

motivation, objectives and an outline of the thesis. In Chapter 2, the RFIC design 

backgrounds including RFIC design parameters, receiver architectures, design trade-offs 

and conventional LNA topologies are described. The current ultra-low power LNA 

designs and the important requirements in the IEEE.802.15.4 standard are also discussed 

in this chapter. From chapter 3 to chapter 6, four ultra-low power LNAs are presented 

together with the measurement results. Chapter 7 draws the conclusion and suggests 

future works.  
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2.   Chapter 2: Literature review on LNA design 

As the first active block in the receiver chain, the performance of an LNA dictates 

the overall performance of receivers [2]. In this chapter, a review on two main receiver 

architectures is presented, and then key performance parameters for RF communication 

circuit design are discussed. Following that are an introduction to LNAs and trade-offs in 

LNA design. Next, the input matching architectures in LNA designs will be classified and 

examined. Finally, the LNA load tuning techniques will be discussed.  

2.1 Receiver architectures 

Complexity, cost, power dissipation and the number of external components have 

been the primary criteria in selecting receiver architectures. Two architectures will be 

discussed which are: heterodyne and homodyne receiver. 

2.1.1 Heterodyne Receiver 

LNA A/D

LO

RF Filter
Image Reject 

Filter
Channel 

select Filter

Low Pass 

Filter

DSP

 
Figure 2.1: Heterodyne receiver architecture 

The heterodyne receiver is probably the most popular receiver architecture. Due to its 

reliable performance, it has been widely implemented in many radio applications. As 

seen in Figure 2.1, the incoming signal is first filtered by an RF filter to lower unwanted 

out-of-band signals. After being amplified by an LNA, the signal is then filtered by the 

image-reject (IR) filter to further reduce the power level of undesired signals. Next, the 

RF signal is down-converted to the intermediate frequency (IF). This step is done by a 
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mixer. There are two types of mixer: active and passive. The active mixer consumes dc 

power while providing active gain. The passive one does not consumes power but having 

some conversion loss. To counterbalance for the lack of gain in the passive mixer, more 

gain is needed in the LNA stage. After passing through a narrow-band IF filter, the signal 

is converted to baseband signal for further processing in subsequent stages. Intermediate 

frequency (IF) is a critical parameter in heterodyne receiver design. The choosing of IF 

frequency involves a fundamental tradeoff between image rejection and channel selection 

or sensitivity and selectivity. More specifically, a higher IF eases image rejection because 

the image frequency is further away from the desired frequency. The quality factor of a 

filter is determined by                  . Therefore a lower IF leads to a larger rejection 

of the interference of adjacent channels. Shown in Figure 2.2 are two cases corresponding 

to high and low values of IF so as to illustrate the trade-offs.  

ωRF ωim

2ωIF

ω

ω

ImageImage reject 

filter

Desired 

Channel

Interferer

Channel select 

filter
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Figure 2.2: Rejection of image versus suppression of interferers for (a) high IF and (b) low IF 

A high IF leads to substantial rejection of the image whereas a low IF allows great 

suppression of nearby interferers. The choice of IF therefore depends on trade-offs among 
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three parameters: the amount of image noise, the spacing between the desired band and 

the image, and the loss of the image reject filter. To minimize the image, one can either 

increase the IF or tolerate greater loss in the filter while increasing its quality factor.  

LNA A/D

LO1 LO2

RF Filter
Image Reject 

Filter

Channel select 

Filter Low Pass Filter

DSP

 
Figure 2.3: Dual-IF receiver 

The multiple down-conversion helps to relax the Q requirement of the channel select 

filter therefore ease the trade-off between selectivity and sensitivity [3]. Shown in      

Figure 2.3 is the dual-IF receiver which employs two stages of down conversion. A 

superior performance with respect to selectivity, sensitivity and signal-to-noise ratio 

(SNR) makes the heterodyne receiver very attractive. However, the implementation of a 

heterodyne architecture involves many high-Q filters. The full integration of heterodyne 

receiver is very difficult. In order to avoid the needs of external IR and IF filters, direct 

conversion (zero-IF) and low-IF architectures have increasingly gained popularity in 

recent designs of wireless communications systems [4-18]. 

2.1.2 Homodyne Receiver (Direct conversion receiver) 

A homodyne receiver is also called a zero-IF or direct conversion receiver. For 

double-sideband amplitude modulated signals, down conversion can be done with simple 

mixers. For frequency and phase modulated signals, down conversion must be performed 

with quadrature mixers so as to avoid loss of information due to positive 

and the negative part of the spectra overlap after down-conversion. The block diagram of 

homodyne or direct conversion receiver architecture is illustrated in Figure 2.4.  
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LNA

A/D

LO

RF Filter

Low Pass Filter

A/D

LO+90
0

Low Pass Filter

I

Q

 

Figure 2.4: Homodyne receiver architecture 

A homodyne receiver structure is very similar to the low-IF receiver. The main 

difference is that it down-converts RF signal frequencies directly to base band 

frequencies. The simplicity of the homodyne architecture offers two important 

advantages over a heterodyne counterpart. Firstly, the problem of image is circumvented 

because     is equal to zero. As a result, no IR filter is required, and the LNA need not 

drive a 50 Ω impedance of an off-chip IR filter, which reduces the overall power 

consumption. Secondly, the IF filter and subsequent down-conversion stages are replaced 

with low-pass filters and base band amplifiers that are amenable to monolithic integration 

[19]. 

However, despite its simplicity, the homodyne receiver does have some other 

performance issues that impede its widespread adoption [19]. Its main disadvantage is the 

DC offset problem. In the homodyne topology, the IF frequency is at base band, any DC 

offset can easily overwhelm the desired signal and saturate the following stages. The 

isolation between the LO port and the input of the mixer and the LNA is not perfect. 

There is a finite amount of feed-through exists from the LO port to the LNA input and 

mixer input. This leakage signal is then mixed with the LO signal, thus generating a dc 
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component.  This phenomenon is called “self-mixing”. A similar effect occurs if a large 

interferer leaks from the LNA or mixer input to the LO port and is multiplied by itself 

[19]. Another serious problem of homodyne receiver is the I/Q mismatch. Due to the 

quadrature mixing requirement, either the RF signal of the LO output has to be shifted by 

90
0
. Since shifting the RF signal generally causes severe noise-power-gain trade-offs, it is 

more plausible to use the topology in Figure 2.4. I/Q amplitude and phase mismatch can 

cause degraded SNR performance. 

2.2 Design parameters 

2.2.1 Sensitivity 

RF receiver sensitivity quantifies the ability to respond to a weak signal. It is defined 

as the minimum detectable signal (MDS) power level with the requirement of the 

specified SNR for an analog receiver and bit-error-rate (BER) for a digital receiver [19]. 

IEEE 802.15.4 Requirement: Sensitivity 

The sensitivity requirement of an IEEE 802.15.4 standard compliant receiver is          -

85 dBm [20]. 

2.2.2 Noise figure 

Noise factor (F) is a measurement of the noise performance of a circuit. It is 

frequently expressed in decibels and commonly referred to as noise figure (NF): 

            (2.1) 

where F is defined as:  
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(2.2) 

or: 

  
     
      

 
        
      

 
(2.3) 

where       and        are the signal-to-noise ratios measured at the input and output 

and      denotes the input signal power and     represents the source resistance noise 

power, both per unit bandwidth. It follows that: 

                  (2.4) 

Since the overall signal power is distributed across the channel bandwidth,  , the two 

side of equation (2.4), must be integrated over the bandwidth to obtain the total mean 

square power. Thus, for a flat channel: 

                        (2.5) 

Equation (2.5) predicts the sensitivity as the minimum input signal that yields a given 

value for the output SNR. Changing the notation slightly and expressing the quantities in 

dB or dBm, we have: 

                                                (2.6) 

where          is the minimum input level that achieves           . We obtain     as the 

noise power that    delivers to the receiver: 
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(2.7) 

with conjugate matching at the input and at room temperature. Equation (2.6) is thus 

simplified to: 

                                                    (2.8) 

For a cascade system of N stages, the overall noise factor can be obtained in terms of 

the noise factor and gain at each stage. The total noise factor [19] can be expressed by the 

Friis equation: 

        
    

   
 
    

      
   

    

              
 

(2.9) 

where    and Apm are the noise factor and the available power gain of the m
th

 stage. 

According to this equation, the noise contributed by each stage decreases as the gain of 

the preceding stage increases. Thus, the first few stages in a cascade are the most critical 

stages. In practice, the LNA is the first active block in the receiving chain. Therefore, its 

NF directly adds to that of the system. An LNA should provide enough gain to overcome 

the noise contribution of the subsequent stages and add as little noise as possible. 

IEEE 802.15.4 Requirement: Noise Figure 

Using the aforementioned 2 MHz bandwidth and                of 0.5 dB [20, 21], 

the required NF is -85 - (-174) - 10log(2M) – 0.5 = 25.5 dB. Therefore the required NF 

assuming a 5 dB loss preceding the LNA is 20.5 dB. 



12 

 

2.2.3 Harmonic distortion and Intermodulation 

The linearity of a system determines the maximum allowable signal level to its input. 

All real-life systems exhibit some degree of nonlinearity. Signal distortion is a direct 

consequence of the nonlinear behavior of the devices in the circuits. The most common 

measures of non-linearity are the 1-dB compression point (P1dB) and the third-order 

intercept point (IP3) [19]. 

2.2.3.1 The 1-dB compression point 

If a sinusoid is applied to a nonlinear system, the output generally exhibits frequency 

components that are integer multiples of the input frequency. When the input signal is 

            then the output through the system will be: 

                                        
           

          

  
   

 

 
      

   
 

 
       

   
 

 
       

 
   

 

 
       

(2.10) 

where          and so on are the corresponding equation‟s coefficients and A is the 

amplitude of the input signal     . In equation (2.10), the term with the input frequency 

is called the “fundamental” and the terms with higher-order frequencies are the 

“harmonics”. For most circuits of interest,     is less than zero [19]. Therefore, the gain 

        
     is a decreasing function of A (amplitude). As the input power increases, 

the circuit components become saturated and the fundamental output fails to respond 

linearly to the input. 
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Figure 2.5 shows that the gain compression due to the nonlinearities in the system 

causes the power gain to deviate from its idealized curve. The point at which the power 

gain is down 1 dB from the ideal curve is referred to as the 1-dB compression point. The 

input power where P1dB occurs is known as IP1dB. A system must operate several 

decibels below this level to avoid the nonlinear region. The 1-dB compression point can 

be calculated as [19]:  

                    
  
  
  

1dB

Input 

Power

(dBm)

Ideal First-order

Output

IIP3IP1dB

P1dB

OIP3

Output

Power

(dBm)

Third-order

Intercept

Third-order

Intermodulation

Term

Actual

First-

order

Output

 

Figure 2.5: Illustrations of P1dB and IP3 (logarithmic scale) 

(2.11) 
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2.2.3.2 The 3rd Order Intercept Point 

While harmonic distortion is often used to describe nonlinearities of analog circuits, 

certain cases in RF system require other measures of non-linearity behavior. Commonly 

used is the “third order intercept point measured by a “two-tone” test [19].  

ω1 ω2 ω ω1 ω2

2ω1-ω2 2ω2-ω1

Non-linear system

 

Figure 2.6: Intermodulation in a nonlinear system 

When two signals with different frequencies are applied to a non-linear system 

(Figure 2.6), the output exhibits some components that are not harmonics of the input 

frequencies. Called intermodulation (IM), this phenomenon arises from “mixing” 

(multiplication) of the two signals. Assume that the input signal is              

         , then the output through the system will be: 

                                                
 

                      
  

(2.12) 

Expanding the right side and discarding dc terms and harmonics, we obtain the 

following intermodulation products: 

                                                       (2.13) 

                         
     

   
 

             
     

   
 

             
(2.14) 
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(2.15) 

and these fundamental components: 

                       
 

 
    

  
 

 
    

           

                                       
 

 
    

  
 

 
    

           

(2.16) 

As illustrated in Figure 2.6, if the difference between    and    is small, the third-

order IM products at        and        appear in the vicinity of     and   , thus 

revealing nonlinearities. 

Interferers

Low-noise 

Amplifier

Desired 

Channel

 

Figure 2.7: Corruption of a signal due to intermodulation between two interferers 

Intermodulation is a troublesome effect in RF system. As shown in Figure 2.7, if a 

weak signal accompanied by two strong interferers experiences third-order non-linearity, 

then one of the IM products falls in the band of interest, corrupting the desired 

component. The “third intercept point” (IP3) has been defined to characterize the 

corruption of signals due to third-order intermodulation of two nearby interferers. It is 

measured by a two-tone test where        . The input signal level, where the power 

of the third-order IM product equals to that of the fundamental is defined as “two-tone 
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input-referred third-order intercept point” (IIP3). And the corresponding output level is 

called the “output third-order intercept point” (OIP3).      [19] can be calculated as:  

             
 

 
 
  
  
  

(2.17) 

IIP3[19] can be given by 

     
                         

 
 

(2.18) 

 

where      is the power of two interferers (±10 MHz apart and ±20 MHz apart from the 

signal, respectively in the IEEE 802.15.4 standard), and      is the power of the desired 

signal. For a cascade of N-stage network, the IIP3 of the system,         , can be 

expressed as [3]: 

 

       
 

 

     
 

  
     

 
    
     

   
         

     
 

(2.19) 

where IIP3i and Ai (i=1,2,…N) are the      and the available power gain of the i
th

 stage 

network respectively. Equation (2.19) suggests that, for the IIP3 calculation, the last stage 

contributes the most to the distortion of the system. It is unlike the NF calculation, where 

the first stage is the most critical. Thus it is important to end the system with a high 

linearity block [22].  

IEEE 802.15.4 Requirement: IIP3 and IP1dB 

With an interfering power of −52 dBm, a minimum signal power of −82 dBm (3 dB 

above minimum sensitivity level), and an            of 0.5 dB, the calculated IIP3 based 

on equation (2.18) is −32.5 dBm, assuming a 10 dB margin. The input 1-dB gain 
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compression point (IP1dB) needs to be above −42.5 dBm considering IIP3 is about 10 dB 

higher than       [23]. 

2.2.4 Dynamic Range 

Dynamic range (DR) is generally defined as the ratio of the maximum input level that 

the circuit can tolerate to the minimum input level at which the circuit can provide a 

reasonable signal quality. This definition is quantified in different applications 

differently. “Spurious-free dynamic range” (SFDR) and blocking dynamic range (BDR) 

are two commonly used definitions of the dynamic range [24]. SFDR is a measure of the 

receiver‟s immunity to distortion generated by spurious signals.  

The upper bound of SFDR is defined as the maximum input level Pin,max in a two-tone 

test, at which the third-order IM products do not exceed the noise floor. The lower bound 

is set by MDS. SFDR [25] can be expressed as: 

                                      
 

 
                

(2.20) 

where F is the receiver's NF plus the noise floor power    in decibel scale.    is calculated 

as                  which is (-174) + 10log(2M) = −111 dBm. BDR is a measure of 

the resilience of the receiver to a large out-of-band blocking signal which, by driving the 

receiver into compression, desensitizes it to a small desired signal [24]. The upper bound 

of BDR is the 1-dB compression point, and the lower bound is also MDS. When 

expressed in dBm, BDR is given by: 

                  (2.21) 

The graphic representations of SFDR and BDR are shown in Figure 2.8. 
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Figure 2.8: Dynamic ranges for a receiver 

IEEE 802.15.4 Requirement: SFDR 

From (2.20), the calculated SFDR is about 38 dB with an IIP3 of −32.5 dBm, a     of 

−111 dBm, an NF of 20.5 dB, and an        of 0.5 dB. 

2.2.5 S-Parameters 

There are many different ways to characterize the behavior of a two port net work. At 

low frequency, Y, Z, H, T and ABCD parameters are commonly used. They use open and 

short circuit conditions to characterize a linear electrical network. However, these 

terminations are quite difficult to realize at high signal frequencies. In radio frequency 

range, scattering parameters (S-Parameters) is normally employed. It uses matched load 

termination and the measurements are based on incident and reflected waves. 

Figure 2.9 illustrates a two-port network, where    and    are incident waves;    and 

   are reflected waves. Their relation is expressed as:  
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(2.22) 

The matrix     is called scattering matrix, where     is the input reflection coefficient, 

    is the reverse transmission coefficient,     is the forward transmission coefficient, 

and     is the output reflection coefficient. They can be measured according to Figure 

2.10 and equations (2.23a) – (2.23d): 

    
  

  
       input reflection coefficient with matched output port (2.23a) 

    
  

  
       reverse transmission coefficient with matched input port (2.23b) 

    
  

  
       forward transmission coefficient with matched output port (2.23c) 

    
  

  
       output reflection coefficient with matched input port (2.23d) 

Two-port 

network

Port 1 Port 2

01Z 02Z
a1

b1

b2

a2

 

Figure 2.9: A two-port network 
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Figure 2.10: Measurement of S-parameters using (a) matched output port, (b) matched input port 

From the view point of amplifier design,     and     denote how well the input and 

output impedances are matched to the reference impedance respectively.     measures 

the amplification gain of the amplifier.     represents the isolation between output and 

input ports. S-parameters can be converted to Y-parameters or other network 

representations. Detailed formula can be found in most microwave textbooks, such as 

[26]. 

2.3 Introduction to LNA 

The front-end of a typical transceiver consists of a receiving path and a transmitting 

path. For the transmitting path, the only existent signal is the wanted signal. This 

simplifies the design of the transmitting path, as issues such as noise, interference 

rejection and selectivity can be relaxed. In contrast, for the receiving path, the wanted RF 

signal is weak and surrounded by noise and interferers. Thus, the design of the receiver 

involves many issues and trade-offs. LNA is the first active element in the receiving 

chain. Its NF and gain play a significant role in the overall performance of the receiver 



21 

 

[27]. Before exploring the design details of a low-power LNA, it is helpful to have the 

knowledge of the LNA design first. 

In practice, the incoming RF signals are considerably small (generally around             

-100 dBm), which leads to a small SNR. Any additional noise will further degrade the 

overall SNR and therefore the receiver performance. Because LNA is the first gain stage 

along the receiver chain, its NF has to be low enough to keep the overall system‟s NF 

low. In addition, the gain of the LNA needs to be high enough to reduce the noise 

contribution from the subsequent mixer and other stages, but not too high to degrade the 

overall system‟s linearity. The linearity requirement of the LNA by itself is, in general, 

not very critical, except for systems such as Code-Division Multiple Access (CDMA), in 

which both receiver and transmitter are on at the same time. In the conventional super 

heterodyne receiver, because the RF filter and the image-reject filter, which are typically 

required to be matched to 50 Ω, are placed in front of and after the LNA, input/output 

impedance matching is part of LNA‟s specifications. The super heterodyne architecture 

requires at least three discrete filters. Although this architecture provides very high 

performance, it is very costly due to the discrete components, the packages and the 

additional assembly process. Hence, new radio architectures which can replace expensive 

discrete components with low-cost integrated circuits should be proposed. The ultimate 

goal is to implement a single-chip radio system. Single-chip architectures usually include 

homodyne/direct IF, image-reject (including Weaver architecture [28] and Hartley 

architecture [29]), and so on. The qualities of the above architectures allow high 

integration LNA design. Firstly, due to the removal of the image-reject filter, the output 

of the LNA no longer needs to be matched exactly to 50 Ω. Therefore, the output 
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impedance can be optimized for a better performance and the power consumption can be 

reduced due to the elimination of the additional 50 Ω output driver stage that is normally 

required. Secondly, aiming for full-system integration, the LNA is required to provide 

input matching with minimum discrete components. A fully-integrated LNA is the best 

option. Finally, power consumption is a concern, especially for portable devices.  

 

Figure 2.11: Important features in LNA design 

In summary, the important features in the design of an LNA in nowadays receiver 

architecture are: NF, gain, input impedance matching, power consumption, reverse 

isolation, chip size and linearity (Figure 2.11) [30-42]. 

2.3.1 Performance trade-offs in LNA design 

Different application has different requirement for LNA performance. Therefore, it is 

important to understand the trade-offs involved in LNA design. The three important    

trade-offs are gain vs. power efficiency, linearity vs. drain-source dc current and LNA's 

gain vs. receiver's dynamic range. 
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2.3.1.1 Gain vs Power efficiency 

As we all know, an amplifier's gain is proportional to the transconductance,   , of its 

input transistor. High    is desirable for high gain. Using the standard saturation region 

dc current equations for long channel devices, we can approximate: 

    
 

 
 
 

 
        

  (2.24) 

     
 

 
    (2.25) 

  
   

 
 

        
 (2.26) 

where   is a technology dependant constant,   and    are the width and length of the 

transistor,     is the drain-source dc current,     is the gate-source voltage and    is the 

threshold voltage. From equation (2.24) and (2.26), we notice that     is directly 

proportional to         
 , while        is inversely proportional to         . Figure 

2.12 shows the     and        ratio vs.     . 
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Figure 2.12: Variation of IDS and gm/IDS with VGS in CSM 0.18 µm RF CMOS technology (W=120 µm) 

As seen in Figure 2.12, the        calculated based on equation (2.26) is fairly close 

to the simulation one for           . The ratio        doesn't approach infinity for 

       which is 0.45 V in our simulation. This is because equation (2.26) is only 

applicable for the transistor in saturation region. In sub-threshold region, the MOSFET 

behavior is similar to a BJT, therefore        is nearly constant. The expression of 

       in sub-threshold region is : 

  
   

 
 

   
 (2.27) 
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where n is the sub-threshold slope, which for the CSM 0.18 µm RF CMOS technology is 

roughly equal to 1.0-1.5. The analysis and simulation results clearly demonstrate the 

trade-off between gain and power efficiency. High gain but low power efficiency is 

achieved at high     while high power efficiency but low gain is achieved at low    . 

2.3.1.2 Linearity  vs Current  

Assume the main nonlinearity of a MOS transistor arises from transconductance 

nonlinearity [19]. The IIP3[19]  of an LNA can be calculated as: 

             
 

 
 
  
  
  (2.28) 

 where    and    are the 1
st
 and 3

rd
 order coefficient of M1 obtained by taking the 

derivative of the drain-source dc current     with respect to the gate-to-source voltage     

at the dc bias point: 

   
    
    

    
 

  

     
     

  (2.29) 



26 

 

VGS(V)

I D
S(

A
)

g
1
(A

/V
)

g
2
(A

/V
2
)

g
3
(A

/V
3
) g3=0

0 0.2 0.4 0.6 0.8 1.0
VGS(V)

0.2 0.4 0.6 0.8 1.0
-10

0

10

20

30

40

50

60
-5.0

0

5.0

10

15

25

0
-150

-100

-50

0

50

100

150

200

250
-20

0

20

40

60

80

100

20

 

Figure 2.13: NMOS transconductance characteristics (GF 0.18 um CMOS process, W/L=120/0.18, 

VDS=1 V) 

We fixed M1's drain source voltage     and swept the gate source voltage    . The 

first three derivatives of the drain source dc current     with respect to     are plotted in 

Figure 2.13. For high IIP3, it is desired to biased the transistor near the "sweet spot" 

where     . In our simulation, the optimum biasing point is              Shown in 

Figure 2.14 is the         value which is proportional to the IIP3 value. As     , 

          which results in a very high linearity. However, this requires a very 

accurate biasing which is a difficult task since biasing voltage is prone to process 

variations and circuit parasitic components. Outside the high linear region, we observe 

that the linearity improves as     or     increases. In this case, the task of a designer is to 

choose     such that sufficient IIP3 is achieved while using as little power as possible to 

accomplish this. 
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Figure 2.14: |g1/g3| vs. VGS (GF 0.18 um CMOS process, W/L=120/0.18, VDS=1 V) 

 

2.3.1.3 LNA's Gain vs Receiver's dynamic range 

The trade-off between LNA's gain and receiver's dynamic range can be explained 

using these two equations: 

        
    

   
 
    

      
   

    

              
 

(2.30) 

 

       
 

 

     
 

  
     

 
    
     

   
         

     
 

(2.31) 

As shown in equation (2.30), high LNA gain is required so that the noises added by 

elements in the receiver lineup following the LNA are minimized.  However, equation 

(2.31) shows that the receiver's linearity decreases as LNA's gain increases. Using 

equation (2.30) and (2.31), the overall NF and IIP3 of a receiver for the IEEE 802.15.4 

standard were plotted with respect to the LNA's gain in Figure 2.15 and 2.16. The 

performances of all the blocks right after the LNA are referred from [43].  
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Figure 2.16: Receiver's IIP3 vs LNA's gain (IEEE 802.15.4 standard) 
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As expected, the receiver's NF is improved while the IIP3 is worsened as the LNA's 

gain increases. The receiver's IIP3 becomes almost independent of LNA's gain when the 

LNA's IIP3 is small (-25 dBm). This can be explained by equation (2.31). When the 

LNA's IIP3,      , is very small,         becomes very large and dominates the right 

side of equation (2.26). The receiver's IIP3 can be estimated by the LNA's IIP3.  

In the IEEE 802.15.4 standard, the linearity requirement is not very stringent              

(-32.5 dBm) , therefore the trade-off between LNA's gain and receiver's dynamic range 

can be relaxed in our design. 

 

2.3.2 Input Architecture   

Recall from the previous section, it is known that input impedance matching to 50  

is one of the common goals in LNA design. Input matching architectures in LNAs can be 

classified into four types: CS with resistive termination, CG, CS with shunt feedback and 

CS with inductive source degeneration. Each of these architectures can be implemented 

in single-ended or differential form.  

2.3.2.1 Common-Source Stage with Resistive Termination LNA 

1. 

M1

RS

Vin

RL

R1

VDD

 

Figure 2.17: Common-source with resistive termination 
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This technique uses resistive termination in the input port to provide 50  input 

impedance. As shown in Figure 2.17, a 50  resistor,     is placed in parallel with the 

input, to realize input matching for the LNA. However, this termination resistor generates 

noise. The noise factor [27] of the circuit can be calculated as: 

  
      
        

       
          

       
                 

                 
          

       
         

 
             

   
        

        
 

 
   

   
 

 

       
 

(2.32) 

where       
         represents the total output noise;        

                 
                     

           are the output 

noise due to Rs, R1 and    , respectively, k is the Boltzmann‟s constant and T is the 

absolute temperature. Transistor    has various noise sources. For simplicity's sake, only 

the channel thermal noise     
                 is taken into account where   is the 

coefficient of the channel thermal noise and     is the transconductance at zero VDS , 

since in most conditions, channel thermal noise is the dominant noise source. Equation 

(2.32) [27] can be further simplified to: 

  
         

  
 

  

     
    

 

 

 

    
 

(2.33) 

where    is the transconductance of the input device, and   is is the ratio of    to the 

zero     channel conductance. The NF            of this structure is very high. The NF 

degradation is due to two reasons. Firstly, the added resistor R1 contributes as much noise 

as the source resistor Rs does. It results in a factor of 2 in the first term of equation (2.33). 

Secondly, the input is attenuated, leading to a factor of 4 in the second term of equation 
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(2.33) [44]. The poor NF makes this architecture unattractive for applications where a 

low noise as well as a good input matching is desired. 

2.3.2.2 Common-Gate LNA 

M1

Vin

RL

Vb1

Rs

Zin

VDD

 

Figure 2.18: CGLNA 

Figure 2.18 shows the simplified CGLNA. The CGLNA is well known for wideband 

applications [45-53]. The input impedance and voltage gain of a CGLNA are: 

    
 

  
 

(2.34) 

       (2.35) 

To realize the input matching, its gm value is fixed at 1/RS. As a result, only the load 

impedance RL remains as a design variable. Moreover, due to the input matching 

constraint, the transconductance of the input transistor cannot be arbitrarily high, thus 

imposing a lower bound on the noise factor. Through derivation, total noise factor [26] of 

CGLNA can be simplified as: 
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(2.36) 

When the input is matched, noise factor simply becomes      . This noise factor is 

quite reasonable and acceptable. However, it is important to note that other noise sources 

such as gate induced noise and substrate noise can degrade the performance substantially. 

Furthermore, the load as well as the biasing circuits can generate additional noise.  If we 

consider the effect of finite transistor drain-source resistor,    , the total noise factor of 

this LNA is: 

    
 

 

  
  
  
   

 
        

 
  

       
                  

 

 

 
  
  
  
   

 
        

 
  

       
                 

 

 

 

(2.37) 

as derived in Appendix A. In the noise analysis, the effect of gate noise is omitted since 

its contribution to the total noise factor is negligible compared to other noise sources. 

This assumption is verified through our simulations, where the gate noise accounts for 

less than 3% of total output noise in all of the cases. If       ,          

               , which is consistent with the textbook result. The channel thermal 

noise of transistor M1 and the thermal noise of the output load are accounted  in the 

second and third term of equation (2.37) respectively. This equation is derived for 

CGLNA with resistive load. If inductive load is used, (2.37) becomes: 
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(2.38) 

where    is inductor loss and    is the equivalent output impedance at the desired 

frequency. The value of    ranges from      Ω for all the inductors we used in this 

thesis. Let's represent the second and third term in (2.38) by    and   . When     is 

increased from    ,    increases from                while    decreases from 

       . Equation (2.38) shows that the value of     has a great impact on the total 

noise factor of the CGLNA. We will base on this characteristic to design a noise 

cancellation scheme for the CGLNA which will be presented in Chapter 4. When     is 

large,    is much smaller than unity and   . The effect of    on the overall noise factor 

can be neglected. Equation (2.38) can be simplified to: 

    
 

 

  
  
  
   

 
        

 
  

       
                  

 

 

 

(2.39) 
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Figure 2.19: Noise and signal voltage at the source and drain terminal of CGLNA 

Next, we will discuss some noise cancellation techniques for CGLNA in literature. 

The technique in [54-56] is based on the signal and noise characteristic at the drain and 

source terminals of the input transistor As demonstrated in Figure 2.19, the channel 

thermal noise of transistor M1, which is modeled as a current source    , flows into node 

X and out of node Y. This creates two correlated but out-of phase noise voltages at node 

X and Y. On the other hand, the signal voltages at these two nodes are totally in phase. 

The LNA in [54] is a single-ended design as shown in Figure 2.20(a). The principle of 

noise cancellation in this LNA can be briefly explained as follows. The input signal 

undergoes feed-forward voltage amplification whereas the channel thermal noise of 

transistor    undergoes subtraction at the output node due to two correlated but out-of-

phase noise voltages at the drain and source terminal of  transistor   . A residual factor 

[54]: 

  
  
  

   
   

   
(2.40) 
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Figure 2.20: (a) Single and (b) Differential CGLNA with noise cancellation 

defines the degree of cancellation of   's channel thermal noise.      represents 

disabling    and no cancellation while      represents full cancellation of    noise.   

can be any value greater than -1. A minimum NF below 2 dB for broadband CGLNA was 

predicted by maximally utilizing the available voltage headroom and power supply in a 

given technology. The same noise cancellation principle can be implemented in a single-

input differential-output structure to eliminate the need of off-chip balun as shown in 

Figure 2.20(b) [55-56]. The residual factor [55] defining the degree of cancellation of    

channel thermal noise in this case is: 

  
  
  

 

     
   

(2.41) 

To achieve a well-balanced output, the gain of two branches must be equal in 

magnitude and opposite in sign. Though simple in principle, this noise cancellation 

technique has several limitations. Firstly, the cancellation and output balance are sensitive 

to process variations (e.g., transistor and resistor matching). Secondly, the full 

cancellation condition requires resistive output loading to maintain a precise ratio of 
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     . This will limit the maximum achievable gain and minimum required supply 

voltage. And lastly, this technique uses an additional CS stage to cancel to noise of the 

CG transistor. However, this CS stage still adds noise and consumes extra power to the 

whole LNA. This technique may not be suitable for ultra-low power LNA. Reported in 

[54-56], the LNAs consume 36 mW, 17.4 mW and 12.6 mW respectively.  

The designs in [57] and [58] employed the capacitive cross coupling technique to 

boost the transconductance value without drawing additional current. By doing so, the NF 

of the CGLNA is reduced significantly. A complete noise analysis of this technique will 

be discussed in chapter 5.   

2.3.2.3 Common- Source Stage with Shunt Feedback LNA 

VDD

M1

Rfb

RS

Vin

Zin

RL

 
Figure 2.21: Common-source input stage with shunt feedback 

Figure 2.21 illustrates another topology, which uses the resistive shunt feedback to set 

the 50  input impedance of the LNA. The input impedance [27] can be expressed as: 

                 (2.42) 
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where     is the feedback resistor and    is the corresponding voltage gain which equals 

to                . The noise factor [27] for this configuration can be expressed as 

follows: 

     
      
      

 

 

             
     
      

 

 

      
(2.43) 

where     is the zero VDS channel conductance,        and    is the conductance of the 

resistors Rs, Rfb and RL, respectively. This topology is commonly used for wideband 

applications. Compared to the conventional CGLNA, it normally can achieve lower NF. 

However, it still has several disadvantages. Firstly, the input impedance Zin depends on 

Rfb and Av. Therefore it is sensitive to process variation. Secondly, the feedback signal 

may contain substantial noise, thus raising the NF to an unacceptable level. Lastly, the 

total phase shift around the loop may create instability for certain source and load 

impedances. The analysis in [59] indicates that the drain noise is the largest contributor. 

The work in [60] used noise canceling technique to reduce the channel thermal noise of a 

wideband LNA of this structure. The noise cancellation principle is the same as in [54-

56]. Therefore it has the same disadvantages. The LNA in [60] consumes 35 mW from 

2.5 V supply voltage which is quite high for our targeted application. 

2.3.2.4 Common-Source Stage with Source Inductive Degeneration LNA 

Figure 2.22 shows the fourth architecture which employs source inductive 

degeneration to generate a real term in the input impedance. The input impedance [3] is: 

              
 

    
  

    
   

 
(2.44) 
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Figure 2.22: Common-source input stage with source inductive degeneration 

The input impedance has a resistive term         , which is directly proportional to 

the inductance value. Whatever value this resistive term is, it does not generate thermal 

noise like an ordinary resistor does, because a pure reactance is noiseless [61]. Therefore, 

this structure can be exploited to provide the specified input impedance without 

degrading the noise performance of the amplifier. To get the 50  input impedance, let 

the real part         , of equation (2.44) equal to 50  and the imaginary part      

              be zero at the frequency of interest. The resonance frequency is 

therefore: 

   
 

           

 
(2.45) 

A detailed noise analysis and optimization of the LNA with this architecture are 

presented in [11] and will not be repeated here. The noise factor can be simplified as: 

       
 

 

  
  

 (2.46) 
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where           is the unity current gain frequency. Based on the analysis in [44], 

the CS topology with source inductive degeneration provides a low NF, comparable gain 

and low power consumption. Currently, this topology is widely used in the design of 

CMOS narrow-band LNAs [62-73]. However, in system-on-chip (SOC) design, inductor 

   normally has low quality factor, i.e., has large parasitic resistance which significantly 

affects the input matching and the NF of the LNA. The input impedance which takes into 

account the effect of parasitic resistance,   , of inductor    is: 

   
              

 

     
  

    
   

    
(2.47) 

Substituting          
          into (2.47) at matching condition    

     , we 

have derived the relation of    and    as followed: 

    
   

 
 
     
    

  
  
 

 

(2.48) 

The unity current gain frequency is derived as: 

   
  
   

     
             

   

 
 
     
    

 
  
 
  

(2.49) 

The noise factor including the effect of    is: 

        
 

 

  
  

 
  
  

 (2.50) 

From equation (2.49), it is shown that    increases as    increases. Therefore, an 

increasing in    results in a reduction of the second term but an increasing of the third 

term in the noise factor equation (2.50). To achieve the minimum NF, the    must be 
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carefully chosen to balance the trade-off between the second and third term. Figure 2.23 

shows the L-CSLNA's NF at different    value. The minimum NF occurs near                  

        in our simulation. 

 

Figure 2.23: NF of L-CSLNA vs                                    

2.3.3 Tuning techniques of LNA's Load 

Besides the input matching network, the tuning techniques applied to the load at the 

device output will also affect the performance of the LNA. A good design of the tuning 

load helps to reject out-of-band signals and noise as well as to achieve a high gain. Three 

types of tuning loads commonly used are: resistive load, passive LC load and active 

inductor and passive capacitor load. 
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Figure 2.24: LNA with resistive load 

2.3.3.1 Ordinary Resistor as Load 

As shown in Figure 2.24, an ordinary resistor    is used as the LNA output load. 

Sometimes, resistor    is replaced by a MOS transistor. This method produces wideband 

output impedance and can be easily implemented. However, it is not suitable for low 

noise applications, because the resistor generates thermal noise. Moreover, the use of 

resistive load will reduce the voltage headroom across the transistor significantly. This 

will result in poor linearity performance if low supply voltage is required.  

2.3.3.2 Passive LC as Tuning Load 

Figure 2.25 shows another type of load. It is the most prevalent type used in LNA 

design [74-77].  It is used extensively in communication circuits to provide selective 

amplification of wanted signals and to filter out unwanted signals to some extent. The 

RLC network has an admittance of: 

        
 

   
       

(2.51) 

where    equals to the total parasitic capacitances at the drain terminal of M1 plus the 

capacitance of next stage,    is the equivalent parallel resistance of   . When the 
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inductor    and capacitor    are designed to resonate at a selected frequency, the 

impedance is purely real and at its maximum. The higher the quality factor of    is, the 

larger    is, and the higher the voltage gain is. This type of tuning load is very suitable 

for narrow-band applications. It allows LNAs to achieve substantial gain at relatively 

high frequencies with low power consumption.  

M1

RS

Vin

Rp

Input Matching

Network

CL

LL

VDD

 

Figure 2.25: LNA with passive LC tuning stage 

In practice, the silicon-based on-chip spiral inductor does not have a large quality 

factor Q. Hence,    is not very high.    is normally less than 1 kΩ for most of the cases.  

There are several ways to increase   . One way is to use high-Q off-chip inductors by 

sacrificing the market demands for highly-integrated products. Another way is through 

process modification to obtain a higher inductor Q. For example, a higher Q can be 

achieved by removing the inductor‟s underlying silicon substrate or by using a thick top 

metal. These might introduce additional processing steps and increase the cost. The third 

way is to use the Q-enhanced technique [78-80], as illustrated in Figure 2.26. 
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Figure 2.26: The Q-enhancement technique 

The basic principle of the Q-enhancement technique is to add a negative conductance 

to the LC resonator so that the resistive loss of the inductor can be compensated. Without 

the negative resistance     , Q can be expressed as                                 [26]. 

The above equation indicates that Q is drastically reduced because of the ohmic loss in 

the inductor. To reduce the effect of     on the Q, a negative resistance     is employed 

to compensate the loss in the inductor. Thus the Q of the tuned circuit increases to 

                     .  With this method, the achieved Q can be 20 or even 

higher.    can‟t be larger than   ; otherwise, the circuit will oscillate [26]. 

2.3.3.3 Active Inductor and Capacitor as Tuning Load 

Due to the limitation of spiral inductors, for example, large chip area or parasitic 

capacitance and resistance loss, active inductors that can be implemented with a 

reasonable physical size offer a good alternative for its passive equivalent [81-85]. 

Traditional active inductors are typically implemented by using high gain operational 

amplifiers with negative feedback, and are unsuitable for operating frequencies up to 

gigahertz. Another type of active inductor is implemented by exploiting the parasitic 

capacitance of the transistors to generate the required poles and zeros [81-85].           

Figure 2.27 illustrates a simplified schematic diagram of an active inductor [86]. 
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Figure 2.27: Simplified schematic diagram of an active inductor 

By varying I1 and I2, the required value of the inductor can be obtained. There are two 

limitations for this circuit. Firstly, it has poor linearity [86]. Secondly, the active inductor 

has poor noise performance. In general, active inductors are always noisier than passive 

inductors due to the active devices. 

2.3.4 Ultra-low power LNA design 

The conventional L-CSLNA is widely used in narrow band applications due to its 

high gain and low noise advantages. However, when the NF requirement is not very 

stringent, other topologies can be explored in order to minimize the power consumption. 

In [87], the cascode-CS topology is used together with an inter-stage inductor to enhance 

the gain of the input stage. A low power of 0.8 mW and a NF of 4.1 dB are reported. This 

LNA efficiently trades the NF with the power consumption. However, four on-chip 

inductors are needed in this design which results in a large chip area. The work in [57] 

introduces a   -boosting scheme that helps to improve the noise performance of the CG 

topology making this topology attractive for narrow band applications. This LNA 
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achieves a low NF of 3 dB while consuming 6.48 mW of dc power. Such a low NF is not 

necessary in our application; therefore this technique can be explored in order to 

effectively trade the NF for low power consumption. 

2.3.5 IEEE 802.15.4 Specifications 

The IEEE 802.15.4 standard covers three frequency bands, i.e., 868 MHz, 915 MHz, 

and 2.4 GHz. The popular 2.4 GHz industrial, scientific, and medical (ISM) band was 

chosen for this work because it is an unlicensed band and is accepted worldwide. 

Furthermore, 2.4 GHz is a high enough frequency (compared to  868 MHz, and 915 MHz 

band) to permit integration of high quality on-chip inductors with reasonable size [88]. 

Receiver‟s specifications [43] that are important to the LNA design is shown in         

Table 2.1. The IEEE 802.15.4 standard has a system bandwidth spanning 83.5 MHz. This 

83.5 MHz bandwidth is divided into 16 channels each with a bandwidth of 2 MHz, and 

spaced by 5 MHz. 

Table 2.1: IEEE 802.15.4 Receiver requirements 

Receiver‟s Specification Requirement 

Bandwidth 83.5 MHz 

NF < 19 dB 

IIP3 > -20 dBm 
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We aim to optimize our LNA design in two directions; one is for low NF and low 

power and the other one is for high gain.  We need to formulate two sets of LNA 

specification requirement for our designs. The work in [43] and [89] introduced two 

different receiver system for the 2.4 GHz ISM band. One used active mixer and the other 

used passive mixer to realize the front-end. Based on the performances of all the blocks 

right after the LNA in [43] and [89], we formulate the required specifications for our 

LNAs. For the system using active mixer at its front-end, we set the LNA's targeted gain 

to be 15 dB. If passive mixer is used, higher LNA's gain is required. Our targeted gain for 

this case is 21 dB. The other LNA‟s specifications are derived in Table 2.2 respectively. 

    and     represent the input matching and reverse isolation of an LNA. 

Table 2.2: IEEE 802.15.4 LNA requirements for system using active mixer 

LNA‟s 

Specification 

LNA‟s Requirement 

(low NF) 

LNA‟s Requirement 

(high gain) 

Bandwidth 83.5 MHz 

Gain 15 dB 21 dB 

NF < 16.19 dB <18.9 dB 

IIP3 > -19.77 dBm >-20 dBm 

    < -10 dB < -10 dB 

    < -30 dB < -30 dB 
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3. Chapter 3: LNA1-Series input resonance    

common-gate LNA 

 

3.1 The proposed series input resonance CGLNA (LNA1) 

LNA1 combined the series RLC input matching network of the L-CSLNA with the 

CGLNA topology. The RLC input network adds an additional degree of freedom to the 

input matching design and improves the NF of the CGLNA. These advantages will be 

presented below. 

 

3.1.1 Input matching 

Figure 3.1 and 3.2 show the schematic of LNA1 and its equivalent small signal circuit 

for input matching analysis.  

M1
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R1
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Figure 3.1: The proposed CGLNA with series input matching 
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To reduce the chip area, resistor R1 is used to connect M1's source terminal to ground 

instead of an inductor. Ca is the total capacitance at node Y. Resistor rLa is the parasitic 

resistance of the gate inductor La.    
  is the impedance looking into the transistor source 

terminal from node Y. If an infinite transistor output resistance,      is assumed, it is easy 

to show that    
      . However, in practice, especially in short-channel MOSFET 

case, where     is not very large, the effect of the finite transistor output resistance,    , 

has to be taken into account. In CG topology,     forms a positive feedback and the input 

resistance    
   becomes: 

   
                      (3.1) 

where    is the equivalent output impedance.  
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Figure 3.2: Equivalent input matching network of the CGLNA with series input matching network  

The parallel input network is converted into a series input network as seen in Figure 

3.2. The input impedance is: 

           
  

          
    

  
    

          
    

       (3.2) 
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In (3.2),    equals to    
     . The resonance frequency is found to be: 

    
 

    
 
       

   
 (3.3) 

Based on the small signal circuit in Figure 3.2, the input impedance of LNA1 at 

resonance frequency    can be simplified as: 

    
 

       
      

                (3.4) 

As discussed in section 2.3.2.2, in the conventional CGLNA, if the    value is 

smaller than     , the input impedance is not matched to the source impedance. In our 

LNA, capacitance    adds an additional degree of freedom to the input matching design. 

The impedance can be matched to the source by designing the value of     so that 

    equals to the source impedance,   , at the resonance frequency. The proposed input 

matching network makes it possible to implement the CG topology for cases where    is 

smaller than      . From (3.3) and (3.4), the capacitor    and inductor    at resonance 

frequency can be expressed as follow: 

    
                       

  
  (3.5) 

and  

   
  

          
    

  (3.6) 
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The quality factor of the series network is: 

                    . (3.7) 

The components in the series network are   ,      and     where,      is         

          
  . According to Figure 3.2, at resonance, the series matching topology 

boosts the voltage at the source of M1 by: 

  
  
 

                

                        
 

    
        

 
           

        

 
    

        
 

    
        

                       

(3.8a) 

Thus the effective transconductance and the overall voltage gain is enhanced by a 

gain     , where      is defined as:  

                       
    

  (3.8b) 

3.1.2 Noise analysis 
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Figure 3.3: Noise analysis small signal model of LNA1 
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The small signal model shown in Figure 3.3 is used to derive the NF of this LNA. In 

the noise analysis, the effect of gate noise is omitted since its contribution to the total NF 

is negligible compared to other noise sources. The noise factor of the conventional 

CGLNA including the effect of     and    is: 

            
 

 

  
   

 
   

 
        

 
  

       

              
 
   

 

 

    
   
  
  
   

 
        

 
  

       

              
 
   

 

 

 
  
  

 

(3.9) 

where 

            
          

  (3.10) 

If      and     , then      which is consistent with the results derived in 

Appendix A. M1's channel noise, R1's thermal noise and LL's parasitic resistance, rLL,'s 

thermal noise account for the second, third and fourth term in (3.9) respectively. The total 

noise factor of the proposed LNA is derived as follow: 
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(3.11) 

where 

                    
      

                          
  (3.12) 

The fifth terms in (3.11) is due to the thermal noise of     . The use of series input 

inductor    introduces extra noise to the circuit due to the inductor parasitic 

resistance    . However, the negative component which is     
       in the expression 

of    helps to lower the noise contribution of M1's channel thermal noise and rLa's thermal 

noise when compared to the conventional CGLNA. A conventional CGLNA was 

designed to compare its NF with LNA1. The circuits were simulated with different values 

of    such as 6 mS, 8 mS and 10 mS. The NF simulation results are shown in Figure 3.4. 

Our CGLNA with series input matching achieves much lower NF than the conventional 

CGLNA. By adding the series inductor   , the noise contribution from the channel 

thermal noise is reduced resulting in a lower NF of LNA1. The simulation results agree 

well with the analysis. There is a great improvement of NF. When    is at its lowest 

value which is 6 mS in our simulation, the NF improvement is up to 1.2 dB. 
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Figure 3.4: Simulated NF versus different gm values in the 0.18µm RF CMOS technology 

 

3.1.3 Circuit implementation 

To demonstrate the idea, an LNA was designed and fabricated in a standard 0.18 µm 

RF CMOS technology. To further improve the gain performance of the circuit, two big 

capacitors Cc were placed across the two sides of a differential input stage to effectively 

boost the transistor‟s transconductance value without requiring extra dc current. The use 

of Cc introduced an inverting amplification, A, at the source and the gate terminal of the 

input device. The inverting amplification value is approximately given by the capacitor 

voltage division ratio:             where     is the parasitic gate-source capacitance of 

the input transistor. When Cc is designed to be much larger than Cgs, the transconductance 

is effectively boosted to            . This increases the voltage gain by two times, 

making the total improvement in voltage gain becomes                        
 , 

and the total noise factor is reduced to: 
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(3.13) 
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Figure 3.5: Variation of gm and gm /IDS with VGS and transistor size in the 0.18 µm RF CMOS 

technology 

The    value of the input transistor is chosen based on the gain requirement. After 

deciding the    value of the input transistor, the value of Ca and La can be determined 

based on equation (3.5) and (3.6). Ca can be realized by using the parasitic capacitances 

of the input transistor. Extra capacitor may be added if required. In most of LNA designs, 

the     minimum requirement is -10 dB. This means that     can range from 30 Ω to      
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70 Ω. Let‟s say we choose         , based on equation (3.5), the value of Ca is 

calculated to be from 0.31 pF to 1.02 pF. As long as the value of Ca is in this range, the 

LNA can achieve a      better than -10 dB. 

Figure 3.5 shows the variation of    and        with     and transistor size in the 

0.18 µm RF CMOS technology. As the transistor size increases, the    curve moves 

upward. The         curves are almost the same for different transistor sizing. For the 

same    value, an LNA with larger transistor size has larger         value or better gain 

efficiency as seen in Figure 3.5. However, this advantage comes with a NF tradeoff. 

Based on equation (3.9), NF is reduced as     decreases. For the same    value, an 

LNA with a smaller transistor size has smaller    , therefore has better NF. Figure 3.6(a) 

and 3.6(b) show the NFs of the CGLNA and the proposed LNA versus different transistor 

sizes. The    value is kept constant at 10 mS for all cases. The simulation results agree 

well with the analysis. The NF increases as the transistor size increases. Based on the 

figure of merit in [91], a ratio of                 can be used to decide the optimum 

transistor size and biasing point. Figure 3.7 plots this ratio vs. transistor size at 2.4 GHz. 

In our simulation, the highest value occurs when the transistor width is 150 µm. 
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Figure 3.6: Simulated NF versus different transistor sizes at gm =10 mS in the 0.18 µm RF CMOS 

technology (a) CGLNA (b) LNA1 
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Figure 3.7:   
 
             of LNA1 vs transistor size at 2.4 GHz and gm =10 mS in the 0.18 µm 

RF CMOS technology 

The schematic and chip micrograph of LNA1 is shown in Figure 3.8. The LNA was 

designed using standard Vth transistors, metal-insulator-metal (MIM) capacitors, and 

standard spiral inductors. Transistor M1b and M2b were added to improve the reverse 

isolation and reduce the Miller capacitance between the gate and drain of the input 

devices, M1a and M2a. The transistors were biased at 0.5 mA with a 1.0 V supply. 

Capacitor Ca is realized by the parasitic capacitances from transistor M1a and M2a. 

Capacitors Cc are designed to be large so that they are short circuit at the resonance 

frequency. The second stage of the LNA is a source follower buffer. It has 50 Ω output 

impedance to match with the 50 Ω load of the measuring equipment. The load of the first 

stage was tuned to 2.4 GHz using LL and the input capacitance of the second stage. The 

total chip size including pads and bypass capacitors is 0.98x1.20 mm
2
. The design 

parameters are summarized in Table 3.1. 
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Figure 3.8: (a) Schematic and (b) Chip micrograph of LNA1 

Table 3.1: Design parameters of LNA1 

Design 

parameters 
    ,                 ,                 

Value 150 µm/0.18 µm 10 pF 2.6 nH 7.8 nH 500 Ω 

 

3.2 Measurement results and discussion 

The measurement setup is shown in Figure 3.9.  The LNAs are measured using the 

HP8510 Network analyzer which has a built-in NF personality. The measurement is 

based on RF-probing. The basic test setup includes a wafer probe station, the HP8510 

network analyzer system and a bias supply. The network analyzer consists of a sweep 

synthesizer (so that measurements will be repeatable), a test set which includes two ports, 

a control panel, an information display, and two RF cables to hook up the design-under-

test (DUT). Each port of the test set includes dual directional couplers and a complex 

ratio measuring device. 
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Figure 3.9: Measurement set-up 

A test signal is generated by the signal generator ( from the network analyzer). The 

test set takes the signal generator output and routes it to the DUT and it routes the signal 

to be measured back to the receiver of the network analyzer. The receiver makes the 

measurements. A network analyzer will have one or more receivers connected to its test 

ports. This set-up was used for the measurement of all four LNAs. Figure 3.10 shows the 

measured S11 and S21  of  LNA1. The LNA has better than -10 dB input matching over the 

desired band. At 2.4 GHz, the voltage gain is 15 dB.  Figure 3.11 shows the measured 

and simulated NF of the LNA. The measured NF exceeded the simulated NF by 1 dB. 

This difference can be attributed to the poor noise modeling and process variation. At 2.4 

GHz, the measured NF is 5 dB. 
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Figure 3.10: Measured and simulated S11 and S21 of LNA1 

 

Figure 3.11: Measured and simulated NF of LNA1 

Figure 3.12 shows the S12 and stability factor K and ∆. For an LNA to be stable, K and 

∆ must be larger and smaller than unity respectively. LNA1 has high reverse isolation and 

is stable at the frequency of interest as seen on Figure 3.12. (S12 = -63 dBm, K>1 and ∆<1 
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at 2.4 GHz). The LNA core only consumes 0.98 mW power from 1.0 V supply voltage, 

making it suitable for low-power applications. The measured IIP3 of the LNA core is          

-19 dBm. The use of resistor at the source of transistor M1a and M2a together with the low 

supply voltage at 1.0 V has limited the linearity performance of this LNA. LNA1's 

performance is summarized in Table 3.2. 
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Figure 3.12: S12 , K and ∆ of LNA1 
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Table 3.2: LNA1’s measurement results 

LNA’s Specification Requirement Measurement results 

Gain 15 dB 15 dB 

NF < 16.19 dB 5 dB 

IIP3 > -19.77 dBm -15 dBm 

    < -10 dB -11 dB 

    < -30 dB -63 dB 

 

The comparisons of this LNA with recently published 2.4 GHz LNAs and state-of-

the-art ultra-low power LNAs are summarized in Table 3.3. Two figure of merits (FOM) 

[91] are used to compare the performance of the LNAs. The FOM1 is a function of the 

operating frequency, gain, noise factor, and power consumption. It is given by: 

             
                   

                
  

(3.14) 

FOM2 includes IIP3 and is given by: 

             
                   

                
         

(3.15) 

The LNAs in [30, 43, 92, 93] have better NF but consume much more power than 

ours.  Moreover, such low NF is not necessary for our application. The works in [21] and 

[77] have better FOM than ours. Both designs bias the transistors in sub-threshold region 

for high power efficiency. [21] has good FOM due to its high gain of 21.4 dB which is 

achieved by using large resistive load. Therefore, it can‟t operate at low supply voltage 

such as 1.0 V. [77] achieves the best FOM due to its low supply voltage (0.6 V). 
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However, it has low gain of 9.1 dB. This is due to the small inductive load of 2 nH.  Our 

FOM2 is low due to the low IIP3. In order to improve the FOM2, in the next designs we 

will increase the linearity. To improve the FOM1, we will reduce the NF, increase gain or 

reduce the power consumption. 

Table 3.3: LNA1’s performance comparisons 

 [77] [95] [21] [30] [92] [93] [43] LNA1 

Tech 

(nm) 
130 130 180 130 130 130 90 180 

Freq 

(GHz) 
3.0 5.1 2.4 

Pdc 

(mW) 
0.4 1.03 1.13 6.5 17 3.2 3 0.98 

Gain 

(dB) 
9.1 10.3 21.4 13 10 16.5 15 15 

NF 

(dB) 
4.7 5.3 5.2 3.6 3.7 2.66 3 5.0 

S11 

(dB) 
-17 -17.7 -19 -14 -25 -11.8 -30 -11 

IIP3 

(dBm) 
-11 n/a -11 n/a -6.7 -4.93 -7 -19 

VDD 

(V) 
0.6 0.4 1.8 1.2 1.2 1.2 0.6 1 

FOM1 

(dB) 
10.4 8.32 10.33 1.07 -4.7 7.73 6.55 8.04 

FOM2 

(dB) 
-0.6 n/a -0.67 n/a -11.49 2.8 -0.4 -10.96 
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3.3 Conclusion 

In this chapter, an ultra-low power sub-mA series input resonance with   -boosting 

technique differential CGLNA was presented. The design methodology was explained, 

the proposed LNA was fabricated and its performance was compared with other works. 

Unlike the conventional CGLNA, the    value of this LNA is not fixed by the input 

matching condition which makes optimizing for low power possible. The LNA consumes 

only 0.98 mA from 1.0 V supply voltage and attains a measured NF of 5.0 dB and gain of 

15 dB at 2.4 GHz. The LNA shows excellent trade-off between NF and power 

consumption. The measured power consumption is among the lowest in current literature. 

The proposed technique makes the CG topology attractive for low-power fully integrated 

designs. 
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4. Chapter 4: LNA2- A noise reducing technique for 

common-gate LNA using shunt inductor 

The parallel RLC input matching network of the CGLNA limits its noise and gain 

performance. At resonance, the CGLNA‟s input impedance is     . Matching the input 

impedance of the CGLNA to the source impedance restricts the choices of power 

consumption and device size. In LNA1 design, we proposed a technique to overcome this 

limitation. Although its performance has met the requirement for the 2.4 GHz ISM band 

of the IEEE 802.15.4 standard, we wished to improve the NF and linearity to achieve 

better FOMs. In this chapter, a new CGLNA design with noise reducing technique using 

shunt inductor will be proposed. 

4.1 Noise analysis 

In LNA1 design, the source terminal of the input device is connected to ground 

through a large resistor. Although resistor size is much smaller than that of inductor, its 

noise contribution to the overall NF is quite significant. In LNA2, we decided to connect 

the source terminal of the input device to ground through an on-chip inductor to achieve a 

better NF. 

4.1.1 Conventional non-cascode CGLNA 

The conventional non-cascode CGLNA is shown in Figure 4.1. Inductor Ls resonates 

with the total capacitor at the source of M1 at the frequency of interest. The total NF of 

this LNA including the effect of finite drain-source resistor,     , of transistor    is: 
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(4.1) 

as derived in Appendix A.  

M1

RL

Ls

vin

VDD

 
Figure 4.1: Non-cascode CGLNA 

4.1.2 Conventional cascode CGLNA 

A cascode CGLNA as seen in Figure 4.2(a) can be considered as a two-stage CG-CG 

amplifier.    is the by-pass capacitor.    includes all parasitic capacitances of node X, as 

well as junction capacitors and the gate–source  and drain-source capacitance  of M2 and 

M1. Due to the existence of the parasitic capacitance   , the influence of the cascode 

transistor to the overall NF increases. The load of stage 1 is the total impedance looking 

upward from node X which is: 
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(4.2) 

where    is the equivalent parallel impedance of inductor LL. The channel thermal noise 

of M2 and the effect of      on the overall NF will be considered in stage 2.  According to 

the voltage gain derived in Appendix A, the gain of stage 1 is therefore equals to: 

   
          
            

 
          

       
         
       

    

 
(4.3) 

M1

Vin

Rs

LL

M2

Cb

Ls

Vb

Cx

Stage 2

Stage 1

X

M1

Vin

Rs

LL

M2

Cb

Ls

Vb

Cx

Cb

La

ra

Stage 2

(a) (b)

X

VDD VDD

 
Figure 4.2: (a) Conventional cascode LNA (b) The proposed CGLNA with noise reduction technique 
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The total noise factor of the cascode CGLNA is: 

                      (4.4) 

where    and    are the noise factor of stage 1 and 2. They can be calculated as: 

     
 

 

   
  

  
   

 
          

 
   

         
                    

 

 

 (4.5) 

     
 

 

   
  

  
   

 
          

 
  

         
                   

 

 

 
  
  
  
   

 
          

 
  

         
                   

 

 

 

(4.6) 

In (4.6),    is the parasitic resistance of inductor LL. To minimize the effect of the 

cascode stage, one should increase the gain of stage 1. This can be done by designing the 

LNA such that         . From equation (4.4), we note that despite the improvement 

in reverse isolation, the use of cascode stage could introduces significant amount of noise 

to the overall LNA especially when    is small. 

4.1.3 The proposed LNA with noise reduction 

In order to reduce the         ,    should be decreased and    should be increased. 

In equation (4.5), if       , then     . In equation (4.3), if a negative imaginary 

component is added to the denominator of    to cancel    ,    can be increased. In the 

proposed LNA (LNA2), inductor    is added in parallel with transistor M1. Resistor    is 
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the parasitic resistance of inductor   .  Similar to the cascode CGLNA, the total noise 

factor of LNA2 is: 

               
     

       
  (4.7) 

where   
  and   

  are the noise factor of stage 1 and 2 in the proposed LNA respectively 

and   
  can be calculated using equation (4.6). In LNA2, the equivalent drain source 

resistance of M1 is     
                . If      then   

   . This means that the 

smaller    is, the lower   
  becomes.  The gain,   

   and noise factor,   
 , of stage 1 are 

defined as: 

  
  

                     

                  
         
       

    

 

 

 
  
  
  
  
  
  
  
  
  

     
 
    

 
 

         
 
  
  
 

 

  
 

       
 
  
  
 

 

 
         
       

 
 
    

 
 

         
 
  
  
 

 

        
 

       
 
  
  
 

  

 

 

(4.8) 

  
    

 

 

   
  

  

   
 

       
     

 
   

          
 

                      
  

 

 (4.9) 

They are derived using the equivalent small signal circuit in Figure 4.3 below. In 

equation (4.8) and (4.9),    is the quality factor of    and    is the operating frequency. 

When    increases from zero nH to a value,          , of which the added negative 
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imaginary component in the denominator of   
  approaches    ,   

  increases and the 

noise contribution from stage 2 (  
 ) reduces.           can be calculated as: 

               
         

 
    (4.10) 
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Figure 4.3: Small signal model used for noise analysis in the proposed LNA2 

On another hand, when    approaches zero,     
  also approaches zero which makes 

the denominator of the second term in equation (4.9) become infinity. As a result,   
   . 

Therefore, there is an optimal value of    which results in a minimum              

which is determined by    
     

       
  . To verify the theory, we simulated the NF 

performance of LNA2 with various    values. The    value is swept from 0.5 nH to       

15 nH. Figure 4.4 shows the noise contribution of three main noise sources in the 

proposed LNA which is the input source thermal noise and the channel thermal noise of 

M1 and M2. In our simulation, when    increases,     
  also increases which make the 

noise contribution of M1 increases. The noise contribution from M2 decreases because the 

added inductor helps to lower the effect of capacitor    on the gain of stage 1 therefore 

reduces the noise from stage 2. The optimal value of    is found when the input source 
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thermal noise contribution percentage is the highest which results in the lowest NF. In our 

simulation, the optimal    value is 3 nH. Figure 4.5 shows the NF of our LNA and of the 

conventional cascode CGLNA. The power consumption of the two circuits is the same. 

As expected, the NF of the conventional cascode CGLNA is 2.3 dB worst than ours at   

2.4 GHz. The measured NF exceeded the simulated NF by 1 dB due to poor noise 

modeling and process variation. However, the LNA2's measured NF is still better than 

the CGLNA's NF by 1.4 dB. 

La (nH)

M1

M2

M1

M2

 

Figure 4.4: Noise contribution of different noise source in the LNAs 
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Figure 4.5: NF of LNA2 and conventional cascode CGLNA 

4.2 Circuit implementation 

To demonstrate the idea, LNA2 was designed in a standard 0.18 µm RF CMOS 

technology. The schematic of LNA2 is shown in Figure 4.6(a).  
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Figure 4.6: (a) Schematic and (b) Microphotograph of  LNA2 
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On-chip inductor    acts as output impedance. Capacitors     are bypass capacitors. 

On-chip inductors    are used to tune out the total capacitances at the source nodes 

including pad capacitances. The second stage of the LNA acts as an output buffer. It has 

50 Ω output impedance to match with the 50 Ω load of the measuring equipment. The 

loading effect of the buffer is determined to be about the same as the mixer loading effect 

on the LNA stage. The chip micrograph is shown in Figure 4.6(b). The total die area 

including the output buffer and ads is 0.9x1.0 mm
2
. The design parameters are 

summarized in Table 4.1. 

Table 4.1: Design parameters of LNA2 

Design Parameter                       

Value 
150 µm 

/0.18 µm 

100 µm 

/0.18 µm 
3.4 nH 10 nH 3 nH 10 pF 

 

4.3 Circuit performance and discussion 
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Figure 4.7: S11  and voltage gain of LNA2 

The LNA gain and     are plotted in Figure 4.7. The LNA‟s peak voltage gain is    

14.8 dB. This gain is slightly below the targeted gain 15 dB. Gain can be improved by 
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slightly increasing the power consumption. The parasitic resistance of the wire 

connection from Ld  to VDD reduces the quality factor of Ld which results in a lower gain 

and wider bandwidth as showed in Figure 4.8. The LNA achieves a NF of 4.5 dB at       

2.4 GHz. The measured NF exceeded the simulated NF by 1 dB. This difference is 

attributed to the poor noise modeling and process variation and the value of inductor    is 

no longer at its optimum point which results in a poorer NF. However, the measured NF 

of our LNA is still much better than that of the conventional CGLNA which is 5.9 dB at 

2.4 GHz as shown in Figure 4.5. 
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Figure 4.8: S11, S22 , K and ∆ of factor of LNA2 

The LNA has good input and output matching at the frequency of interest. It has high 

reverse isolation and is stable at the frequency of interest as seen on Figure 4.8.             
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(S12 = -37 dB , K>1 and ∆<1at 2.4 GHz). The core LNA draws 0.95 mA from a 1.0 V 

supply voltage. Total power consumption is 0.95 mW. The IIP3 is -5.7 dBm. The overall 

performance is summarized in Table 4.2. The comparisons of this LNA with published 

literatures are shown in Table 4.3.  

Table 4.2 : LNA2’s measurement results 

LNA’s Specification Requirement Measurement results 

Gain 15 dB 14.8 dB 

NF < 16.19 dB 4.5 dB 

IIP3 > -19.77 dBm -5.7 dBm 

    < -10 dB -20 dB 

    < -30 dB -37 dB 

Our LNA is compared with LNAs operating at 2.4 GHz and other state-of-the-art 

ultra-low power LNAs.  The power consumption of the presented LNA is among the 

lowest. Compared to the LNAs operating at 2.4 GHz, our LNA consumes the least power 

while providing high gain and acceptable NF and IIP3 value. Compared to LNA1, the 

IIP3 and NF have been improved. The power consumption of [21, 77, and 95] is quite 

comparable to that of LNA2. However, their linearity is lower. The low linearity issue is 

due to low voltage headroom. The LNA in [21] uses large resistive load to achieve high 

gain which reduces the total voltage across the drain-source terminals of the transistors. 

The LNAs in [77, 95] operates at low supply voltages of 0.4-0.6 V which explains the 

low linearity. Based on the FOMs calculated in Table 4.3, the proposed LNA2 has the 

best FOM2 and very high FOM1. 
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Table 4.3: LNA2’s performance comparisons 

 [77] [95] [21] [30] [92] [93] [43] LNA1 LNA2 

Tech (nm) 130 130 180 130 130 130 90 180 180 

Freq (GHz) 3.0 5.1 2.4 

Pdc (mW) 0.4 1.03 1.13 6.5 17 3.2 3 0.98 0.95 

Gain (dB) 9.1 10.3 21.4 13 10 16.5 15 15 14.8 

NF (dB) 4.7 5.3 5.2 3.6 3.7 2.66 3 5.2 4.5 

S11 (dB) -17 -18 -19 -14 -25 -11.8 -30 -11 -20 

IIP3 (dBm) -11 n/a -11 n/a -6.7 -4.93 -7 -19 -5.7 

VDD (V) 0.6 0.4 1.8 1.2 1.2 1.2 0.6 1 1 

FOM1 

(dB) 
10.4 8.32 10.33 1.07 -4.7 7.73 6.55 8.04 8.83 

FOM2 

(dB) 
-0.6 n/a -0.67 n/a -11.49 2.8 -0.4 -11.24 3.13 

4.4 Conclusion 

A noise reducing technique for the cascode CGLNA was introduced in this chapter. 

An inductor was added parallel with the input transistor to reduce the noise from both the 

cascode and the input transistor. An LNA based on this technique was designed for the 

IEEE 802.15.4 standard. The LNA achieves a gain of 14.8 dB, NF of 4.5 dB and IIP3 of    

-5.7 dBm. It consumes only 0.95 mW from 1.0 V supply voltage. The measured power 

consumption is among the lowest in current literature. The proposed technique makes the 

CG topology attractive for low-power fully integrated designs. 
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5. Chapter 5: LNA3- Ultra-low power CMOS LNA with 

capacitive cross-coupling technique 

 

With the rapid growth of wireless communications, there is an increasing demand for 

portable wireless devices. These portable devices require low power dissipation to 

maximize battery lifetime. In current literature, there are two common techniques to 

reduce power consumption which are: reusing the drain current and operating the circuit 

at low supply voltage. Some low power applications, such as wireless medical telemetry, 

require the portable devices to operate at a low supply voltage with a small battery. 

Moreover, following scaling law, the power supply voltage of CMOS has been reduced 

progressively down to approximately 1.0 V at the 0.13 µm technology node and likely to 

be 0.75 V in the 45 nm technology [96]. The third LNA (LNA3) presented in this thesis is 

designed for very low supply voltage such as 0.6 V. It is a differential single-stage non-

cascode LNA. The poor reverse isolation problem in this structure is improved by 

employing the capacitive cross-coupling (CCC) across the two sides of a differential 

input stage.  
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5.1 Circuit description 
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Figure 5.1: MOS small signal model 

In order to operate at low supply voltage without degrading the linearity and dynamic 

range, the number of stacked transistors must be reduced. Using folded structure could 

help to lower the required voltage headroom, but would draw more dc current. Therefore, 

to lower the supply voltage and to reduce the power dissipation simultaneously, a circuit 

without folded structure is preferred. Figure 5.1 shows the CMOS transistor small signal 

model with its parasitic capacitances     ,     ,    ,     and    . A single-stage non-

cascode LNA has very poor reverse isolation due to the leakage from output to input 

through the parasitic capacitors as shown in Figure 5.2.  

In the CSLNA, there are two leakage paths as shown in Figure 5.2(a). The first path is 

directly from the output to the input through capacitor     . The second path is from the 

drain to the source terminal of transistor M1, then from the source terminal to the input 

through capacitor    . In the CGLNA, the leakage path is from the drain to the source 

terminal as shown in Figure 5.2(b). Since the leakage is normally dominated by the      

path, the CSLNA usually has worse reverse isolation than the CGLNA.  
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A low-IF or zero-IF architecture is widely implemented in most of the receiver 

system nowadays due to its high integration by eliminating the need for off-chip image-

reject filtering after the LNA. The LNA is followed directly by a mixer. The reverse-

isolation of the LNA is important as it determines the amount of LO signal that leaks 

from the mixer to antenna. Moreover, the LNA‟ stability improves as the reverse-

isolation of the circuit increases. A reverse-isolation of -30 dB for an LNA is generally 

enough for most cases [19]. With a standard LO power of zero dBm and an average     

LO-RF isolation from the mixer of -40 dB [73], the LO power at the input of the LNA is 

therefore (-30) + (-40) = -70 dBm. 
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Figure 5.2: Output – input leakage path in (a) CSLNA (b) CGLNA 

Figure 5.3 shows the simplified schematic of LNA3. It has a single-stage non-cascode 

structure to allow low-supply voltage operation and the reverse isolation is improved by 

using CCC across the two sides of a differential input stage. The work in [57, 58] 
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employed the CCC technique to improve the NF of the CGLNA. In this chapter, we will 

extend the analysis to the input matching, gain and reverse isolation. 
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Figure 5.3: Schematic of LNA3 

5.2 Performance analysis 

5.2.1 Reverse isolation 

In LNA3, the leakage self-cancellation mechanism helps to improve the LNA's 

reverse isolation. The simplified half circuits as shown in Figure 5.4 will be used to 

explain this mechanism. Since capacitor    is much larger than the parasitic capacitors, it 

is considered as short circuit in this analysis. 
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Figure 5.4: Leakage paths from (a) Vout- to Vin+ (b) Vout+ to Vin+ 

At each input node, there are leakage voltages from both Vout+ and Vout- . Vout- is fed 

back to Vin+ through paths 1 and 2 as shown in Figure 5.4(a). These two paths are the 

same as the leakage paths in the CSLNA. Vout+ is fed back to Vin+  through paths 3 and 4 

as shown in Figure 5.4(b). The leakage voltages from Vout+ and Vout- are 180
o 

out of 

phase. This results in a leakage self-cancellation at the input which improves the reverse 

isolation. The same cancellation mechanism can be applied to Vin-. To analyze the 

leakage from the outputs, let us define the equivalent drain-source, drain-gate and gate-

source parasitic impedances as         and     respectively. The total impedance at 

each input node is defined as    which is equal to    at matching condition. 

Impedance     and     are: 

              (5.1) 
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and 

              (5.2) 

When the substrate is connected to ground, impedance     is derived to be         

             . At the frequency of interest, these three impedances are much larger 

than   .  The leakage factor from Vout- to Vin+ is: 

   
  

      
 

  
      

 
  

      
 

(5.3) 

The leakage factor from Vout+ to Vin+ is: 

   
  

      
 

  
      

 
  

      
 

(5.4) 

To maximize the leakage cancellation, the leakage factors from Vout+ and Vout- to Vin+ 

should be matched. Equalizing equation (5.3) with (5.4) results in a condition of     

        .  Practically, it is hard to achieve a complete cancelation since matching of 

parasitic components is a difficult task. Luckily, in most of the applications, the reverse 

isolation requirement is not very strict. A value of better than -30 dB is acceptable for     

parameter. Therefore, a complete leakage cancellation is not required. Over-designing the 

reverse isolation of the LNA may result in trade-offs with other performance parameters 

such as gain, NF and chip area.  In non-cascode CS structure, high reverse isolation is 

hardly achievable due to the leakage paths from output to input through the parasitic 

capacitors. By reducing the transistor‟s size of the CSLNA, the parasitic capacitors 

become smaller, resulting in a better     but smaller gain and higher NF. In LNA3, the 
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leakage self-cancellation at the input makes the -30 dB target more achievable. The high 

reverse isolation in LNA3 is achieved by the leakage self-cancellation mechanism.  
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Figure 5.5: S12 variation due to transistor mismatch (a) LNA3 (b) CGLNA 
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Figure 5.5 shows the variation of the     of LNA3 and CGLNA with respect to the 

transistor mismatch of up to      . M1‟s size is fixed at 80 µm/0.18 µm while M2 size is 

varied from 60 µm/0.18 µm to 100 µm/0.18 µm. Due to the cross-coupling structure; the 

mismatch leakage appears at both the negative and positive input. Therefore, the     

value doesn‟t deviate much from its ideal case as compared to the CGLNA. 

5.2.2 Noise 

The noise factor [57] of the CGLNA ignoring the effects of gate noise is: 
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Figure 5.6: CGLNA small signal noise analysis 

To find a way to improve the CG‟s NF, we investigated the NF derivation of the 

CGLNA. To simplify the derivation, we assume an infinite drain-source resistance of the 

input transistor. In this analysis, we will differentiate the small-signal transconductance of 

the MOSFET with the effective trans-conductance of the active stage at the source 

terminal.  Equation (5.5) can be derived using the small signal circuit in Figure 5.6. There 

are two noise sources that mainly contribute to the circuit noise factor. One is the source 
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resistor current noise,                  , and the other is the transistor‟ channel thermal noise, 

               . Using superposition theorem, the output current noise [57] due to these two noise 

sources are, respectively: 

                        
 

 
 

      
 
 

    
 

      
 
               

 
 

            
         

(5.6) 

and  

                
 

            
           

 

            
    

 

 
       

(5.7) 

where     equals to       . The total noise factor [57] is: 

       
                                 

                  
 

 

   
 
  

 
 

        
 

 

 
(5.8) 

In (5.8),     represents the small-signal transconductance of the MOSFET and 

       is the effective trans-conductance of the active stage at the source terminal. In 

others words,     is related to channel thermal noise and         to input matching. In a 

conventional CGLNA, the requirement of                  constrains the lower 

bound on the noise factor to        . Noted, however, that if        is boosted 

independently by modifying the input matching condition,        will be reduced [57]. 

LNA3 was designed based on the   -boosting scheme in [57] wherein an 

amplification,   , is introduced between the source and the gate terminal of the input 

device, M,  so that: 
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                (5.9) 

The inverting amplification value,  , for the topology of LNA3 is approximately 

given by the capacitor voltage division ratio: 

  
  

      
 

(5.10) 

When    is chosen to be much larger than    , the amplification amplitude,  , can be 

approximated to one. Therefore, the transconductance is effectively boosted to: 

            (5.11) 

and the noise factor [57] is: 

          
 

 

   
 
  

 
 

      
 
 

   
 

  

 

      
 

(5.12) 

When the input is matched, the LNA3‟s noise factor is         . This NF is lower 

than that of the CGLNA which is        . In addition, to achieve the same matching 

condition as the LNA3, the CGLNA requires double amount of power consumption. 

Detailed analysis on LNA3‟s input matching condition will be shown in section 5.2.3. 
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5.2.3 Gain and input matching 

The voltage gain is: 

                       (5.13) 

where     is the load impedance. Drawing the same current consumption, LNA3 provides 

double gain when compared to the conventional CGLNA. The input impedance of the 

LNA3 can be found using the small signal circuit in Figure 5.7. Capacitors    are very 

large so they were considered as short circuit in this analysis. 
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Figure 5.7: LNA3’s small signal input impedance analysis 

The differential input impedance is defined as: 

             
   
   

 (5.14) 

where     is: 
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(5.15) 

By taking               ,          and substituting (5.15) into (5.14),     

can be expressed in greater detail: 

                          
   
   

 
 

      
 
       

 
(5.16) 

The single input impedance is therefore: 

                     
            

 
 

 

      
 
       

 
(5.17) 

At resonance frequency,         simply becomes         . Therefore, the matching 

condition for the LNA3 is: 

            (5.18) 

The resonance frequency is: 

       
 

      
 

(5.19) 

In the case of the CGLNA, the matching condition and the resonance frequency are, 

respectively: 
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         (5.20) 

and  

      
 

     
 

(5.21) 

From equations (5.13) and (5.18)-(5.20), we can see that the CGLNA requires double 

value of      or double current consumption and four times larger source inductor,   , to 

achieve the same matching condition and same voltage gain with LNA3. 
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Figure 5.8: NF of CGLNA and LNA3 

In order to verify the analysis, a CGLNA was simulated to compare its performance 

with LNA3. The current consumption and circuit components are the same as LNA3. 

Plotting of NFs and input impedances of the two LNAs versus the input device‟s 

transconductance,      at the resonance frequency are shown in Figure 5.8 and         
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Figure 5.9. The dotted lines represent the simulation data and the solid lines represent the 

theoretical analysis data. The simulation results agree well with the analysis. As shown in 

Figure 5.8, the NF of LNA3 is much better than of the CGLNA (3 dB lower). Figure 5.9 

illustrates the advantage of LNA3 over CGLNA in term of input matching. At the same 

    value or the same power consumption, LNA3 achieves a much better match to the    

50 Ω source impedance than the CGLNA. 
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Figure 5.9: Input impedance of CGLNA and LNA3 

5.3 Circuit Implementation 

Figure 5.10 shows the schematic of LNA3 designed to operate at 0.6 V supply 

voltage. The second stage of the LNA acts as an output buffer. It has 50 Ω output 

impedance to match with the 50 Ω load of the measurement equipment. The loading 

effect of the buffer is determined to be about the same as the mixer loading effect on the 

LNA stage. On-chip inductors    act as output impedance. Since the LNA is designed for 
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low supply voltage such as 0.6 V, an inductive load is preferred than a resistive load. The 

use of resistive load will reduce the voltage headroom across the transistor significantly. 

Capacitors    are used to cross couple     and    . Capacitors     and     are bypass 

capacitors. On-chip inductors    are used to tune out the total capacitances at the source 

nodes including pad capacitances. The design parameters are summarized in Table 5.1. 
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Figure 5.10: Schematic of LNA3 

Table 5.1: Design parameters of LNA3 

Parameter    ,                   ,    

Value 72 µm 4.2  nH 8 nH 8 pF 10 pF 

5.4 Measurement results and discussions 

The prototype of LNA3 is fabricated in a six-metal 0.18 µm RF CMOS technology 

for the 2.4 GHz ISM band. The chip micrograph is shown in Figure 5.11. The total die 

area including the output buffer and pads is 1.2x1.0 mm
2
.  
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Figure 5.11: Chip micrograph of LNA3 

The simulated and measured voltage gain is plotted in Figure 5.12. LNA3‟s voltage 

gain is 14 dB at 2.4 GHz. Gain can be improved by increasing the power consumption to 

meet the target 15 dB gain.  
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Figure 5.12: Simulated and  measured voltage gain of LNA3 

The simulated and measured NF is shown in Figure 5.13. LNA3 achieves a NF of 

3.55 dB at 2.4 GHz.  
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Figure 5.13: Simulated and  measured  NF of LNA3 

The comparison between the measured and simulated     and     is plotted in Figure 

5.14. LNA3 has good input/output matching. The     value is better than -22 dB and the 

    value is better than -15 dB at 2.4 GHz. 

Freq (GHz)

S
1

1
 a

n
d

 S
2

2
 (

d
B

)

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

-24

-22

-20

-18

-16

-14

-12

-10

-8

Simulated S11

Measured S11

Simulated S22

Measured S22

 

Figure 5.14: S11 and S22 of LNA3 
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The simulated and measured     is shown in Figure 5.15. LNA3 has good reverse 

isolation of -35 dB. There is a 2 dB discrepancy between the two plots. This can be 

explained through the deviation of transistor‟s parasitic capacitor and resistor in silicon 

vs. simulation models.  
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Figure 5.15: S12 of LNA3 

The LNA is also stable at the frequency of interest as shown in Figure 5.16 (K=9 and 

∆=0.24 at 2.4 GHz). The core of LNA3 draws 0.83 mA from a 0.6 V voltage supply. 

Total power consumption is 0.5 mW.  
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Figure 5.16: K and ∆ of LNA3 
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Table 5.2: LNA3’s measurement results 

LNA’s Specification Requirement Measurement results 

Gain 15 dB 14 dB 

NF < 16.19 dB 3.55 dB 

IIP3 > -19.77 dBm -6.8 dBm 

    < -10 dB -22 dB 

    < -30 dB -35 dB 

 

Table 5.3: LNA3’s performance comparisons 

 [77] [95] [21] [30] [92] [93] [43] LNA1 LNA2 LNA3 

Tech 

(nm) 
130 130 180 130 130 130 90 180 180 180 

Freq 

(GHz) 
3.0 5.1 2.4 

Pdc 

(mW) 
0.4 1.03 1.13 6.5 17 3.2 3 0.98 0.95 0.5 

Gain 

(dB) 
9.1 10.3 21.4 13 10 16.5 15 15 14.8 14 

NF 

(dB) 
4.7 5.3 5.2 3.6 3.7 2.66 3 5.2 4.5 3.55 

S11 

(dB) 
-17 -18 -19 -14 -25 -11.8 -30 -11 -20 -22 

IIP3 

(dBm) 
-11 n/a -11 n/a -6.7 -4.93 -7 -19 -5.7 -6.8 

VDD 

(V) 
0.6 0.4 1.8 1.2 1.2 1.2 0.6 1 1 0.6 

FOM1 

(dB) 
10.4 8.32 10.33 1.07 -4.7 7.73 6.55 8.04 8.83 12.88 

FOM2 

(dB) 
-0.6 n/a -0.67 n/a -11.49 2.8 -0.4 -11.24 3.13 6.08 
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LNA3's performance is summarized in Table 5.2. The comparisons of LNA3 with 

published literatures are shown in Table 5.3. The power consumption of LNA3 is among 

the lowest. The power consumption of [77] is quite comparable to our design. However 

its NF is 1.2 dB higher and its gain is 4.9 dB lower than that of LNA3 which explain the 

lower FOMs. The LNA in [77] employs the cascode structure to provide high reverse 

isolation. However, due to the low voltage headroom across each transistor, it has worst 

linearity than that of LNA3. Based on the FOMs calculated in Table 5.3, LNA3 shows 

comparable performances to the other designs. 

 

5.5 Conclusion 

LNA3 was designed based on the CCC technique. The conventional single-stage non-

cascode CSLNA normally has better NF but lower reverse-isolation. The CGLNA on the 

other hand has better reverse-isolation but much higher NF. The CCC technique 

introduces the self-cancellation of the output-to-input leakage, therefore solves the 

reverse-isolation problem in CSLNA. The LNA using this technique can also achieve NF 

much lower than the CGLNA. Novel analysis on the reverse-isolation and input matching 

of LNA3 was performed. Other analysis on gain and NF was also presented to show the 

advantages over the conventional CS and CGLNA. The design is very suitable for low 

supply voltage such as 0.6 V. At 2.4 GHz, it has good reverse-isolation of -35 dB and 

good input matching of -22 dB. The total voltage gain is 14 dB and the LNA draws only 

0.83 mA from a 0.6 V supply voltage.  
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6. Chapter 6: LNA4- A high gain LNA utilizing π-

match and capacitive feedback input network 

In the previous chapters, three ultra-low power LNAs were proposed. They were 

optimized for low power and low NF. The three LNAs were based on the CG topology 

which may limit their gain performance. The fourth LNA (LNA4) was designed for the 

receiver system where high LNA gain is required. For example, if passive mixer is used 

after the LNA for frequency conversion, high LNA gain is needed to compensate for the 

mixer's loss. The L-CSLNA is commonly used for narrow-band applications due to its 

high gain and low noise. However, due to the input matching condition, the value of the 

inductor connecting the source terminal to ground,   , is normally quite small and 

sensitive to process variation. In addition, the requirement of small inductor sometimes 

becomes a nuisance for the LNA design because not all the inductor values are available 

in the Process Design Kit (PDK). In this chapter, we propose an LNA where the input 

matching is realized through the capacitive feedback scheme and π-match network. The 

capacitive feedback helps to eliminate the need of inductor    for the input matching. 

Moreover, higher gain and an additional degree of design freedom are achieved with the 

use of the π-match network. The concept of utilizing capacitive feedback for input 

matching was implemented in [102]. However, the LNA in [102] has a non-cascode 

structure. In order to have a high reverse isolation, multi-stage structure was used which 

resulted in very high power consumption. The proposed LNA4 is a single stage cascode 

LNA. The detailed analysis on input matching, gain and NF will be presented. LNA4 
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achieves very high gain of  21.7 dB while provides good input matching at 2.4 GHz and 

consumes only 0.6 mW. 

6.1 Extended noise analysis of the inductive source-degeneration common-

source LNA (L-CSLNA) 

In this section, we will perform the noise and input matching analysis of the cascode                     

L-CSLNA. The schematic of the L-CSLNA and its equivalent small signal circuit for 

input impedance analysis are shown in Figure 6.1 (a) and (b). For simplicity's sake, we 

assume an infinite drain-source resistance of the input transistor.    includes all parasitic 

capacitances at node Y to ground . It is estimated as: 

                  (6.1) 
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Figure 6.1: (a) Schematic and (b) Equivalent small signal circuit of the L-CSLNA 
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   is the total impedance looking into the source of M2 from node Y.  In this circuit, 

   can be approximated as to       where     is the transconductance of transistor M2. 

The L-CSLNA„s input impedance is derived to be: 

             
                    

               
                          

           

     
(6.2) 

where   is the operating frequency,     is the parasitic resistance of inductor   ,      and 

     are parasitic gate-source and gate-drain capacitance and     is the transconductance 

of transistor M1. When       ,       can be simplified to : 

              
 

     
  

     
    

     (6.3) 

which is consistent with the result given in textbooks. At resonance frequency, the input 

impedance,      , equals to            and the transistor‟s transconductance,    , is 

effectively boosted to            where        is: 

       
 

                      
 

 

        
 (6.4) 

and    is the resonance frequency. The noise factor of the L-CSLNA without cascode 

stage is derived as: 

     
   
  
 
   
     

        

 

           
  

(6.5) 



99 

 

where     
      is the channel thermal noise of transistor M1 and          is input source voltage 

noise. For simplicity, the noise factor of the cascode stage ignoring the effect of finite 

drain-source resistance is: 

     
   
     

        
 
 

   
 
 

 
(6.6) 

where    
      is the channel thermal noise of transistor M2. The voltage gain from the input to 

the source of the cascode transistor is: 

                                 
 

       
 

(6.7) 

The cascode L-CSLNA can be treated as a two stage amplifier. Following the cascode 

network noise calculation theory, the noise factor of the L-CSLNA is derived as: 

                         
    

   

   
   
  
 

 

           
  
   
     

        
 
     

    
   

  

            
  

   
     

        
 

(6.8) 

 A large     and small      are desired to achieve high gain and low noise. Due to the 

input matching condition, the value of    is normally quite small and is sensitive to 

process variations. In addition, the requirement of small    sometimes becomes a 

nuisance for the LNA design because not all the inductor values are available in the PDK. 

6.2 Proposed capacitive feedback CSLNA with π-match network (LNA4) 

The LNA introduced in [102] uses the parasitic gate-drain capacitance of the input 

device and the output capacitance, CL to form the capacitive feedback matching network. 
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Only one inductor was used to realize the input matching. However, the analysis in [102] 

is only applicable to non-cascode structure. For CS topology, in order to have high 

reverse isolation and stability, a cascode structure is preferred. In this section, we will 

present the analysis for the cascode capacitive feedback LNA. Its schematic is shown in 

Figure 6.2(a).  
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Figure 6.2: (a) Schematic and (b) Equivalent small signal circuit of the capacitive feedback LNA 

Based on the small signal circuit in Figure 6.2(b), the input network of this LNA can 

be converted to a series RLC matching network including of Lg, Cf and Rf. The value of 

Cf and Rf can be derived as: 

               
          

  (6.9) 

and  
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   (6.10) 

Here, CX  and RX can be calculated as follow: 

                 
               

             

   
             

  (6.11) 

   
   
             

 

                            
 (6.12) 

The derivation of     and    can be found in Appendix B. To achieve the input 

matching,    is designed to be equal to   . The quality factor is defined as the ratio of the 

voltage across the gate-source terminal and the voltage at the input of the input matching 

network. The quality factor of this input matching network is: 

          
          

              
   

 

     
    

 

        
 

    
 

        
  

(6.13) 

The total noise factor of the capacitive feedback LNA including the cascode stage is: 

           
   
  
 

 

              
  
   
     

        
 
      

    
   

  

               
  

   
     

        
 (6.14) 
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The derivation can be found in Appendix C. When compared to the inductive source 

degeneration CSLNA, this capacitive feedback LNA requires less number of inductor for 

input matching. But this benefit comes with a tradeoff of higher NF which can be 

observed from equations (6.8) and (6.14).  

As seen from equations (6.4) and (6.13), the input network„s quality factors of the two 

LNAs discussed above are limited by the 50 Ω matching condition. To achieve a good 

input matching,    and              must be matched to 50 Ω. This will restrict the 

selection of        and          , therefore limit the gains of these two LNAs. There 

exists a trade-off between high again and good input matching in these two LNAs.  
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Figure 6.3: Equivalent small signal circuit of LNA4 

The proposed LNA (LNA4) adds a parallel capacitor, Cg, preceding the gate inductor 

to create a π-match network. Figure 6.3 shows the small signal circuit for input 

impedance calculation of LNA4. Rf and Cf are formed by the capacitive feedback 

mechanism as described above. Inductor Lg can be divided into two smaller parts:    and 

  . These two inductors will resonate with Cg  and Cf respectively. The input impedance at 

resonance frequency is: 
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 (6.15) 

The effective gain of the proposed input matching network is: 

       
          

              
 
          
      

  

   
 

      
 
 

   
    
  

 
 

  
   

 
      

 
 

  
  
  

 
 
  
   

 
    

 
 

  
      

 

(6.16) 

Equation (6.16) shows that the effective gain of LNA4 can be increased by adjusting 

the value of    and   . The input impedance then can be matched to 50 Ω by changing L1 

accordingly as explained in equation (6.15). Capacitor Cg and inductor    adds an 

additional degree of freedom to the LNA design. The effective gain is no longer limited 

by the input matching condition. Therefore, LNA4 will be able to achieve much higher 

gain when compared to the  L-CSLNA and the capacitive feedback LNA. Figure 6.4 

shows the S21 and S11 responses of LNA3 and the L-CSLNA at the same power 

consumption level and output load condition. The LNAs were designed to have the same 

input matching at the frequency of interest. LNA4 clearly has much higher gain. The gain 

of LNA4 is 3 dB higher than that of the L-CSLNA. The bandwidth (BW) decreases as the 

effective gain of matching network increased. However, as shown in Figure 6.4, the BW 

of our LNA in this simulation is still sufficiently large for the required standard. 
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Figure 6.4: S21 and S11 responses of LNA4 and the L-CSLNA (simulation) 

The noise factor of the proposed LNA is: 

        
             

 
 
 

            
  

   
  
 

 

           
  
   
     

        

 
      

    
   

  

            
  

   
     

        
 

(6.17) 

Its derivation can be found in Appendix D. Compared to equation (6.14), the noise 

contribution of     has been increased due to the π-network. However, when the LNA is 

designed such that         is higher than          , the noise contribution from    
      can be 

reduced. Therefore it can compensate for the loss caused by    . Moreover, the noise 

contribution of the cascode stage is also reduced when        is increased.  
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6.3 Circuit implementation 

To demonstrate the idea, an LNA was designed and fabricated using the                       

IBM 0.13 µm RF CMOS technology. For this fabrication, we shared the die area with 

another group which was using IBM 0.13 µm RF CMOS technology to save the 

fabrication cost. This resulted in the change of technology used.  
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Figure 6.5: (a) Schematic and (b) Chip micrograph of LNA4 

LNA4‟s schematic is shown in Figure 6.5(a). All inductors are on chip. Inductors    

will resonate with the total capacitance at the drain node of transistor M1b at the frequency 

of interest. Capacitors Cb are bypass capacitor. Inductors    and capacitor Cg are 

designed to satisfy the matching condition as analyzed in section 6.2. The second stage of 

this LNA is an output buffer. The design parameters are summarized in Table 6.1. 

Table 6.1: Design parameters of LNA4 

Parameter     ,                  

Value 48 µm/0.18 µm 8 nH 9 nH 1.1 pF 10 pF 
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6.4 Measurement results and discussion 

The LNA‟s chip micrograph is shown in Figure 6.5(b). The total area including the 

output buffer and pads is 0.74x0.84 mm
2
. Figure 6.6 shows the voltage gain, S11 and S22 

of the proposed LNA. The LNA‟s measured voltage gain at 2.4 GHz is 21.7 dB.               

A L-CSLNA at the same power consumption level and output load condition with LNA4 

was also fabricated. LNA4‟s voltage gain at 2.4 GHz is 21.7 dB while the L-CSLNA's 

voltage gain is 18.8 dB. The measured gain of LNA4 is 2.9 dB higher than that of the     

L-CSLNA. The LNA has good input and output matching. The      value is better than     

-12 dB and the     value is better than -16 dB at 2.4 GHz. The NF at 2.4 GHz is 4.9 dB 

as shown in Figure 6.7.  Due to process variation, the value of    and Cg are different 

from the desired one which results in a difference between measurement and simulation 

results. 
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Figure 6.6: Voltage gain, S11 and S22 of LNA4 



107 

 

Freq (GHz)
2.0 2.2 2.4 2.6 2.8 3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

NF (measured)

NF (simulated)

7.0

7.5

N
F

 (
d

B
)

 

Figure 6.7: NF of LNA4 
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Figure 6.8: S12, K and ∆ of LNA4 
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LNA4 has high reverse isolation and is stable at the frequency of interest as seen on 

Figure 6.8. (S12 = -58 dB, K=48 and ∆=0.25 at 2.4 GHz). The IIP3  is -12 dBm.  The core 

of LNA4 draws 0.6 mA from a 1.0 V voltage supply. Total power consumption is only   

0.6 mW. The overall performance is summarized in Table 6.2. 

 
Table 6.2: LNA4’s measurement results 

LNA’s Specification Requirement Measurement results 

Gain 21 dB 21.7 dB 

NF <18.9 dB 4.9 dB 

IIP3 >-20 dBm -12 dBm 

    < -10 dB -12 dB 

    < -30 dB -58 dB 

The comparison between LNA4 and recently published works is shown in Table 6.3. 

Among the LNAs, the work in [21], [103] and ours are able to achieve high gain. The 

LNA in [103] proposes a parallel LC input matching network for the CSLNA. It has a 

high gain of 25 dB but consumes very high power (15 mW). The transistors in this design 

are biased and sized for very high    in order to achieve high gain. The design in [21] as 

discussed before achieves high gain with the trade-off of high supply voltage (1.8 V). . 

The design in [102] also utilizes the capacitive feedback for input matching. However, it 

has a non-cascode structure. In order to have a high reverse isolation, multi-stage 

structure was used which resulted in very high power consumption (10 mW). Based on 

the FOMs calculated in Table 6.3, our LNA has the best FOM1 and acceptable high 

FOM2. 
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Table 6.3: LNA4’s performance comparisons 

 [102] [77] [95] [21] [30] [92] [93] [43] [103] LNA4 

Tech 

(nm) 
180 130 130 180 130 130 130 90 180 130 

Freq 

(GHz) 
12.8 3.0 5.1 2.4 

Pdc 

(mW) 
10 0.4 1.03 1.13 6.5 17 3.2 3 15 0.6 

Gain 

(dB) 
13.2 9.1 10.3 21.4 13 10 16.5 15 24-25 21.7 

NF 

(dB) 
4.57 4.7 5.3 5.2 3.6 3.7 2.66 3 2.6-2.8 4.9 

S11 

(dB) 
-11 -17 -17.7 -19 -14 -25 -11.8 -30 -14 -12 

IIP3 

(dBm) 
-1 -11 n/a -11 n/a -6.7 -4.93 -7 n/a -12 

VDD 

(V) 
1 0.6 0.4 1.8 1.2 1.2 1.2 0.6 1.5 1 

FOM1 4.97 10.4 8.32 10.33 1.07 -4.7 7.73 6.55 4.97 13.52 

FOM2 3.97 -0.6 n/a -0.67 n/a -11.49 2.8 -0.4 n/a 1.52 

 

6.5 Conclusion 

A new input matching topology for CSLNA was presented in this chapter. The input 

network is realized using the capacitive feedback and the π-network. Based on this 

method, the novel CSLNA is able to achieve higher gain while maintaining good input 

matching and low power consumption. The design method was explained and the LNA 

was designed and fabricated. The need of source inductor    is eliminated; higher gain 

and an additional degree of design freedom are achieved when compared to the L-
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CSLNA. The proposed LNA consumes only 0.6 mW while providing very high gain, 

good input matching and moderate NF. 
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7.       Chapter 7: Conclusion and future works 

7.1 Conclusion 

In this thesis, the design issues of single-band CMOS LNA designs, especially for the 

IEEE 802.15.4 standard, are investigated extensively in order to find an approach that can 

help to achieve a low-power, compact, reliable and fully-integrated LNA design.  

Design issues including performance trade-offs, input matching architectures, tuning 

techniques and different topologies in LNA designs are presented in detail. The LNA 

requirements in the IEEE 802.15.4 standard are next derived. This led us to propose 

several design techniques which take advantage of the relaxed performance requirements 

of the IEEE 802.15.4 standard. 

Table 7.1: Performance summary of the four proposed LNAs 

 
Tech 

(µm) 

Freq 

(GHz) 

Gain 

(dB) 

NF 

(dB) 

S11 

(dB) 

IIP3 

(dBm) 

VDD 

(V) 

Pdc 

(mW) 

FOM1 

(dB) 

FOM2 

(dB) 

LNA1 0.18 

2.4 

15 5.0 -11 -19 1 0.98 8.04 -10.96 

LNA2 0.18 14.8 4.5 -20 -5.7 1 0.95 8.83 3.13 

LNA3 0.18 14 3.55 -22 -6.8 0.6 0.5 12.88 6.08 

LNA4 0.13 21.7 4.9 -12 -12 1 0.6 13.52 1.52 

[21] 0.18 21.4 5.2 -19 -11 1.8 1.13 10.33 -0.67 

[77] 0.13 3 9.1 4.7 -17 -11 0.6 0.4 10.4 -0.6 
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Performance analyses together with measurement results of the four LNAs are 

presented. In Table 7.1, we compare our work with references [21] and [77] which 

achieve one of the best FOM in the current literature. Both [21] and [77] employ the 

cascode CS structure and bias the transistors in sub-threshold region for high power 

efficiency. [21] has a high gain of 21.4 dB by using large resistive load. However, its 

total power consumption is limited by the high supply voltage of 1.8 V. [77] on the other 

hand uses inductive load in order to operate at low supply voltage of 0.6 V. However, its 

cascode structure has limited its linearity performance due to the low voltage headroom.  

The first three LNA were optimized for low power consumption and low NF. LNA1 

was designed by combining the merits of L-CSLNA and the CGLNA. LNA1 posses a 

great trade-off between NF and power consumption. Its noise performance satisfies the 

requirement of the IEEE 802.15.4 standard and it only consumes 0.98 mW. LNA2 and 

LNA3 were designed to achieve better FOMs and lower NF. In LNA2, a noise reduction 

technique using shunt inductor is proposed. LNA3 operates at 0.6 V supply voltage to 

reduce the total power consumption. It is a differential single-stage non-cascode LNA 

which explains a better IIP3 when compared to that of [77]. The poor reverse isolation 

problem in the single-stage non-cascode structure is improved by employing the 

capacitive cross-coupling (CCC) across the two sides of a differential input stage. Out of 

the three LNAs, LNA3 has the lowest NF, consumes the least power and achieve the best 

FOMs. The forth LNA was optimized for high gain.  A new input matching based on 

capacitive feedback and π-network was proposed. By employing this new input matching 

network, LNA4 is able to achieve the desired goal. Its FOMs is better than that of [21] 

due to the lower supply voltage. 
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7.2 Future works 

Due to the high potential of this work, here we propose several future works to be 

done. Firstly, while we have covered and explored deeply on the topic of LNA, other 

important blocks such as mixer, post-mixer baseband amplifier, channel-select filter, 

analog to-digital converter, and frequency synthesizer should be designed. The study on 

system level design for the IEEE 802.15.4 standard therefore should be deeply 

investigated. We believe that significantly power consumption can be saved by further 

exploring the performance trade-offs in the IEEE 802.15.4 standard. To achieve an ultra-

low power system, novelty in both system and circuit design are required.  

Secondly, while bringing in benefit such as higher level of integration and higher   , 

technology scaling also creates many issues for RFIC designer. Aggressive CMOS 

technology scaling results in supply voltage reductions to well below 1V. At low supply 

voltage, it is very challenging for critical blocks such as mixer and baseband circuits to 

achieve sufficient linearity. Moreover, RF/analog circuits are sensitive to leakage and 

process variations at deeply scaled CMOS technologies. This requires a more accurate 

device modeling.  

Thirdly, the unlicensed band around 60 GHz presents interesting prospects for high-

data-rate applications such as high-definition video streaming. Furthermore, the short  

wavelength makes it possible to integrate one or more antennas along with the 

transceiver, thus obviating the need for expensive, millimetre-wave packaging and high-

frequency electrostatic discharge (ESD) protection devices. The heightened interest in 

this band for consumer applications has motivated research on the design of 60 GHz 
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building blocks in CMOS technology. This is very challenging due to the lossy substrate, 

low ft and fmax of current CMOS technologies. Moreover, the low Q characteristic of an 

on-chip inductor has limited its usefulness in millimeter wave designs. New design 

methods incorporating microwave techniques and complex passive structures are needed 

to improve circuit performance. Example of such works are: transmission lines and 

distributed elements are being investigated and applied to the design of typical 

transceiver building blocks such as the LNA, VCO/PLL, mixer, and PA [104, 105].  
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9.                                    APPENDIX 

APPENDIX A 

DERIVATION OF NOISE FACTOR and GAIN OF CGLNA 

G D

S

idgmvgs rds

RLRs

vin

v1

v2

in1

vRL

 

Figure A.1: Small signal circuit of the CGLNA for noise derivation 

NF derivation 

The three main noise sources that are considered in this noise analysis are:    ,     

and     which are the transistor drain current noise , the input voltage noise due    and 

the voltage thermal noise due to    respectively. We will use superposition theorem to 

find the noise contribution from    ,     and     according to the small signal circuit in 

Figure A.1. Firstly, we will derive the output noise due to    .  

        (A-1) 

         (A-2) 

             (A-3) 

From (A-1) and (A-3):  

                          (A-4) 
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Or   

     
           
       

 

 

(A-5) 

We have             , hence  

      
           
       

        
(A-6) 

Rearrange  
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Output noise due to     is 
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Figure A.2: Small signal circuit of the CGLNA for calculation of output noise due to    

Secondly, we will derive the output noise due to    according to the small signal 

circuit in Figure A.2.  

      
  
  

 
(A-9) 

Therefore 

            
  
  
  

(A-10) 
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                            (A-11) 

Substitute        from (A-10) to (A-11): 
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Rearrange (A-12) we have 
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Output noise due to    is 
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Figure A.3: Small signal circuit of the CGLNA for calculation of output noise due to     

Thirdly, we will derive the output noise due to     according to the small signal 

circuit in Figure A.3 . 

                                                       (A-16) 

             (A-17) 

Therefore: 

                                 

(A-18) 

 

Hence 

                           

 

 

(A-19) 

Output noise due to     is 

   
       

   
                 

 
 

 
       

                    
 

(A-20) 
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From equations (A-8), (A-15) and (A-20), total noise factor is: 

    
   
     

   
      

   
     

   
     

   
         

       
  
   

 
        

 
  

       

              
 
   

 

 

 
       

       
  
   

 
        

 
  

       
                 

 

 

   
 

 

  
  
  
   

 
        

 
  

       

              
 
   

 

 

 
  
  
  
   

 
        

 
  

       
                 

 

 

 

(A-21) 

Gain derivation 
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Figure A.4: Small signal circuit of the CGLNA for gain derivation 

We will use the small signal circuit in Figure A.4 to derive the voltage gain of the 

CGLNA. 

         (A-22) 

           (A-23) 
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                        (A-24) 

Therefore  

                         

(A-25) 

Or   
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Hence  
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APPENDIX B 

DERIVATION OF CX AND RX 

 

M1

Vin

Cgs1

Cgd1

CY
Lg

M2

Y

RY

CL

LL

RYCgs1

Cgd1

gm1vgs

CX RXCY

Lg Lg

  

iin
iin

Y

VDD

 

Figure B.1: Small signal circuit of the CSLNA with capacitive feedback 

 

In Figure B.1,    is the total capacitance at note Y to ground and    is the total 

impedance looking into the source of M2 from node Y.     can be approximated as to 

      where     is the transconductance of transistor M2. By applying Thevenin theory 

at node D in Figure B,1, we have the following equation: 

                                                  (B-1) 

The input current,      is derived to be: 

                                 
           
             

        
(B-2) 

From (B-1), we have: 

   
         

             
   

(B-3) 
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Or 

      
           
             

   
(B-4) 

which, upon substitution into (B-2), yields: 

                   
                 

             

                  
   

 
        

                   

                  
    

(B-5) 

 

From (B-3), the formula for    and    can be derived as: 

   
   
             

 

        
                   

 (B-6) 

and  
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APPENDIX C  

NOISE FACTOR OF THE CASCODE CAPACITIVE FEEDBACK CSLNA 

 

To find the noise factor of a cascode capacitive feedback CSLNA, we first derive the 

noise factor of its non-cascode structure. Figure C.1 shows the small signal circuit of the 

non-cascode capacitive feedback LNA.    is the equivalent load impedance. For 

simplicity, three main noise sources are considered for the noise factor derivation, namely 

input voltage thermal noise due to Rs,    , voltage thermal noise due to the parasitic 

resistance of Lg,     and transistor channel thermal noise,    . To find the total noise 

factor, we employ the super position theory to find the noise contribution from each noise 

source. 

D

id1gm1vgs

Rs

vin

Lg

S

ZY

Cgs1

G
Cgd1

vLg

 

Figure C.1: Small signal circuit of the non-cascode capacitive feedback LNA 

In a cascode LNA,    is equivalent               where     is the 

transconductance of the cascode transistor and    is the total capacitance at the input 

transistor's drain terminal to ground. Therefore,    is much smaller than the total 

impedance looking to the left side of node D in Figure C.1. Firstly, we find the current 

noise appeared at node D due to    . When     and     are short-circuited, since    is 
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much smaller than the total impedance looking to the left side of node D, the current 

noise appeared at node D due to     is: 

        
              

      (C-1) 

Secondly, we find the current noise appeared at node D due to    . When     is short-

circuited and     is open-circuited, the current noise appeared at node D due to     is: 

        
              

          (C-2) 

RY
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Cgd1

gm1vGS

CX RXCY

Rf

Cf

Lg Lg Lg

Zin

  

 

Figure C.2: Input impedance small signal model 

In Figure C.2,    and    are the equivalent series resistance and capacitance of the 

parallel RC    and   . Based on Figure C.2,  the gate source voltage,    , due to      is: 

       
   

      
 

   
 
   

                
    (C-3) 

where     is the input impedance. With the input matching condition where        and 

at the resonance frequency equation (C-3) becomes: 
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(C-4) 

Substituting (C-4) into (C-2) yields: 

        
           

 

 
         
    

    
  (C-5) 

where         at matching is defined  as   

            
 

     
    

 

        
     

 

        
  (C-6) 

Similarly, the current noise appeared at node D due to     is: 

        
           

 

 
         
    

    
  

(C-7) 

The total noise factor of the non-cascode capacitive feedback LNA is: 

             
       
         

        
          

 
        
          

        
          

   
   
  
 
   
     

        

 

              
  (C-8) 

Now, we will find the noise factor of a cascode capacitive feedback CSLNA. The 

cascode stage      as shown in Figure C.3 can be consider as a CG-amplifier. 
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Figure C.3: Cascode capacitive feedback LNA 

The total gain from input to the drain terminal of   is: 

    
 

 
                     

 

 
             

 

       
  

(C-9) 

For simplicity, the noise factor of the cascode stage ignoring the effect of finite drain-

source resistance is: 

     
   
     

        
 
 

   
 
 

 (C-10) 

The total noise factor of the capacitive feedback LNA including the cascode stage is: 

                    
    

   

   
   
  

 
   
     

        

 

              
  

   
     

        

      
    

   
  

               
  

(C-11) 
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APPENDIX D 

NOISE FACTOR OF LNA4 

 

The derivation steps will be similar to Appendix C. To find the total noise factor, we 

employ the super position theory to find the noise contribution from each noise source. 

   is the equivalent load impedance. For simplicity, three main noise sources are 

considered for the noise factor derivation, namely input voltage noise due to Rs,    , 

voltage thermal noise due to the parasitic resistance of Lg,     and transistor channel 

thermal noise,    . 
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Figure D.1: Small signal model for noise analysis of LNA4 

Firstly, we find the current noise appeared at node D due to    . When     and     are 

short-circuited, the current noise appeared at node D due to    is: 

        
              

      (D-1) 

Secondly, we find the current noise appeared at node D due to    . When     is short-

circuited and     is open-circuited, the current noise appeared at node D due to    is: 
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Figure D.2: Induced     due to (a)     (b)     

Lastly, we find the current noise appeared at node D due to    . From Figure D.2(a), 

the induced     due to     is: 

          

   
 
   

   
 
   

     
 

 
  
    

    

   
 
   

       
 

 
  
    

 

From Figure D.2 (b), the induced     due to     at matching is: 

(D-3) 

        
 

 
   

   
 
   

   
 
   

    

 
 

 
   

   
 
   

      
 

Dividing (D-3) by (D-4) we have: 
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The following three equations will be used to simplify equation (D-5) 
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Substitute D-6(a-c) to (D-5) we have:  
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Therefore: 
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Similarly to equation (C-9) in Appendix C, the total noise factor of the capacitive 

feedback LNA including the cascode stage is: 
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