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IMPEDANCE MATCHING NETWORKS FOR 
NON-LINEAR CIRCUITS 

BACKGROUND OF THE INVENTION 

The present invention relates to electronics circuits, and more particularly to 

impedance matching networks that reduce intermodulation distortion of active circuits. 

Active circuits, such as low noise amplifiers (LNAs) and power amplifiers (PAs), 

are commonly used in many electronics circuits, including receivers and transmitters of 

communications systems. The performance of an active circuit can be quantified by its 

linearity, noise figure, power consumption, and so on. Generally, these characteristics 

impose conflicting design considerations. 

A memoryless active circuit can be approximated by the following transfer 

function: 

y(x) =a, •x+a2 •x2 +a3 •x3 +higherorderterms, Eq(l) 

where xis the input $ignal, y(x) is the output signal, and ai. a2, and aJ are coefficients that 

defme the linearity of the active circuit. To simplify the analysis, the higher order terms 

(i.e., terms above third order) are typically ignored. For an ideal linear active circuit, 

coefficients a2 and a3 are 0.0 and the output signal is simply the input signal scaled by a1. 

However, all active circuits experience some amounts of nonlinearity, which is quantified 

by coefficients 82 and aJ. Coefficient a2 defines the amount of second-order nonlinearity 

and coefficient a3 defines the amount of third-order nonlinearity. 

Active circuits are used in ilarrow band communications systems that operate on 

an·input RF signal having a predetermined bandwidth and center frequency. The input 

RF signal typically comprises the desired signal and other undesired signals located 

throughout the frequency spectrum. Nonlinearity within the active circuits causes 

intermodulation of the undesired signals, resulting in products that may fall into the 

desired signal band. 

As an example, consider an input RF signal that includes a desired signal m(t) 

centered at f«t and undesired (i.e., spurious) signals at f1 and f2. The input RF signal can 

be expressed as: 
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x(t) = m~ )+ g 1 • cos(w11)+g2 • cos(a>2t) . Eq (2) 

When the input RF signal x(t) is provided t~ an active circuit having the transfer function 

of equation (1 ), where al and a3 are non-zero values, intermodulation products are 

generated. 

5 Fig. lA is a diagram illustrating the input RF signal and the intermodulation 

products. Specifically, the second-order nonlinearity of the active circuit (i.e., caused by 

the x2 term in equation 1) creates second-order intermodulation (IM2) products at various 

frequencies. The IM2 products include th9se at the frequencies (f2-f1), (2•f1), (2•f2), and 

(f1+f2) due to tJ;ie undesired signals. These IM2 products appear at the output of the active 

IO circuit and also appear at the input of the active circuit due to the non-linear input 

impedance of the active circuit and the coupling between the output and input. The same 

second-order nonlinearity of the active circuit then mixes these IM2 products with the 

original undesired signals to produce third-order intermodulation {IM3) products at many 

frequencies, including those that fall into the desired band. Additionally, the third-order 

15 nonlinearity of the active circuit (e.g., caused by the x3 term in equation 1) creates IM3 

products at the same frequencies as the IM3 products from the second order nonlinearity. 

The IM3 products that may fall into the desired band are those at the frequencies (2•f2-f1) 

and (2•f1-f2). 

As a specific example, assume f1 = 880 MHz, fi = 881 MHz, and fd = 882 MHz. 

20 The second-order nonlinearity of the active circuit generates IM2 products appearing at 

(f2-f1) = 1 MHz, (2•f1) = 1760 MHz, (2•f2) = 1762 MHz, and (f2+fi) = 1761 MHz. Some 

of these IM2 products mix with the original undesired signals to produce IM3 products at 

the desired signal frequency fd. Specifically, the IM2 product at (f2-f1) mixes with the 

undesired signal at f2 to generate the IM3 product at (f2-f1)+f2 = 882 MHz, .and the IM2 

25 product at (2•f2) mixes with the undesired signal at f1 to generate the IM3 product at 

(2•f2)-f1 = 882 MHz. The third-order nonlinearity of the active circuit also generates an 

IM3 product at (2•f2-f1) = 882 MHz. As shown in Fig. IA, three IM3 products (f2-f1)+f2, 

(2•f2)-fi. and (2•f2-f1) fall within the desired signal band. 

The total amplitude of the combined IM3 product at the desired signal frequency 

30 ti depends on the magnitudes and phases of the individual IM3 products. In the worst 
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case, all IM3 products have the same phase and add constructh·ely, resulting in the 

maximum possible interfering signal (i.e., the largest IM3 distonion) at the desired 

frequency. The interfering signal behaves ·as noise that degrades the perfonnance of the 

system in which the active circuit is used. 

5 As can be seen, techniques that reduce the amplitude of the interfering IM3 

products are highly desirable, especially in communications systems. 

SUMMARY OF THE INVENTION 

The invention provides techniques to reduce intermodl.ilation distortion at the 

10 output of an active circuit having even-order and odd-order nonlinearities. Specifically, 

the IM3 products generated by the even-order nonlinearity of the active circuit are 

canceled against the IM3 products generated by the odd-order nonlinearity. The 

amplitude and phase of the 1M3 products can be manipulated by adjusting ·either the 

source or load impedance, or both, of the active circuit. The amplitude and phase of the 

15 IM2 products generated by the even-order nonlinearity can be manipulated by adjusting 

the source or load impedance, or both impedances, of the active circuit at sub-harmonic 

(Af) and second hannonic (2f) frequencies (i.e., the frequencies of the IM2 products). 

The amplitude and phase of the IM3 products generated by the odd-order nonlinearity can 

be manipulated by adjusting the source and/or load impedance of the active circuit at the 

20 fundamental frequency (f). By properly tuning or "matching" the impedance of either the 

source or load, or both, of the active circuit. at either the sub:.. harmonic or second 

harmonic frequency, or both, the amplitude and phase of the IM2 products can be 

adjusted such that the IM3 products inside the desired signal band resulting from the 

even-order nonlinearity (ideal1y) cancel the IM3 product(s) resulting from the odd-order 

25 nonlinearity to a high degree. Alternatively, by properly matching the impedance of the 

source or load, or both, of the active circuit at the fundamental frequency. the amplitude 

and phase of the IM3 products inside the desired signal band resulting from the odd-order 

nonlinearity can be adjusted to cancel the IM3 products resulting from the even-order 

nonlinearity. 

30 A specific embodiment of the invention provides an electronic circuit that 

comprises an active circuit and at least one matching network. The active circuit includes 
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an input that couples tQ a signal source and an output that couples to a load; The active 

circuit has even-order nonlinearity and .odd-order nonlinearity and is configured to 

operate on an input signal including a desired signal centered at a first frequency and 

undesired signals centered at a second frequency. The matching network is coupled 

5 either between the signal source and the input of the active circuit or between the load and 

the output of the active circuit. The matching network istuned at either a sub-harmonic 

frequency or a second harmonic of the second frequency, or at both frequencies, to reduce 

intermodulation distortion. The matching network is tuned to reduce intermodulation 

dis~ortion; by canceling the intermodulati.on products· resulting from even-order 

10 · nonlinearity with intermodulation products resulting from odd-order nonlinearity. In an 
embodiment, the active circuit is a transistor. 

Another specific embodiment of the invention provides a. method for reducing 

intermodulation distortion from an active circuit that operates on an input signal including 

a desired signal centered at a first frequency and undesired signals centered at a second 

. 15 frequency .. In accordance. with the method, the load and source impedances of the active 

circuit are determined. The active ·circuit is. then modeled with a nonlinear model having 

an input and an output. The model input couples to the source impedance and the model 

output couples to the load impedance. A first matching network is defined and coupled 

between either the model input and the source impedance or the model output and the 

20 load impedance. Intermodulation distortion resulting from the active circuit are then 

computed for one or more impedance values of the first matching network, with the 

impedance values computed at either a sub-harmonic frequency or a second harmonic of 

the second frequency. The impedance value for the first matching network that reduces 

the intermodulation distortion is selected. 

25 In the embodiments described above, a second matching network can also be 

provided. In this case, one matching network is coupled to the input of the active circuit 

and the other matching network is coupled to the output of the active circuit. 

The foregoing, together with other aspects of this invention~ will become more 

apparent when referring to the following specification, claims, and accompanying 

30 drawings. 
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BRIEfl., DESCRIPTION OF THE DRAWINGS 

Fig. IA is a diagram illustrating an input RF signal and the intermodulation 

products; 

Fig. 1 B is a diagram illustrating the generation of IM3 distortion, due to 

5 nonlinearity in the active circuit, resulting from the desired signal itself; 

Fig. 1 C is a diagram illustrating the generation of the intermodulation products 

shown in Fig. I B; 

Fig. 2 shows a diagram of a circuit configuration employing the impedance 

matching technique of the invention to reduce intermodulation distortion; 

JO Fig. 3A shows a diagram of an embodiment of a common-emitter amplifier; 

Fig. 3B shows a schematic diagram of an equivalent circuit of the common­

emitter amplifier in Fig. 3A; 

Fig. 4 shows a schematic diagram of a specific embodiment of a low noise 

amplifier (LNA) optimized for low lM3 distortion using the invention; 

15 Fig. 5 is a plot of the IIP3 of the LNA as a function of the real part of Zs(~co) and 

20 

the imaginary part ofZs(2ro); and 

Figs. 6A and 68 are plots that show the dependency of the IIP3 performance on 

the center frequency and the offset (.M) frequency, respectively, of the input tones. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

In cellular telephone applications, it is common to have more than one 

communications system operating within a particular geographic coverage area. 

Moreover, these systems can operate at or near the same frequency band. When this 

occurs, the transmission from one system can cause degradation in the received signal of 

25 another system. These communications systems may include Code Division Multiple 

Access (CDMA), Time Division Multiple Access (TDMA), GSM, AMPS, and frequency 

modulation (FM) communications systems. 

CDMA is a spread spectrum communications system that spreads the transmit 

power to each user over an entire (e.g., 1.2288 MHz) signal bandwidth. The spectral 

30 response of an FM-based transmission is typically more concentrated at the center 

frequency. Therefore. FM-based transmission can cause ''jammers" to appear very close 
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in frequency to the. rei;:eived CDMA sign~l. furthermore, the amplitude of the jammers 
. - . . . 

can be many times greater than tllat of the CDMA signal. These jammers can result in 

third-order intermodulation (IM3) prod-qcts caused by nonlinearity of the amplifiers 

within the receiver. The IM3 prod~~s Ill!lY fall within the band of the received CDMA 

5 signal and behave as noise that degrades the performance of the CDMA system. 

As shown in Fig. IA, the )arnmers can be located close to the .frequency of the 

desired signal, making it difficult to filter out the jammers. To compound the problem, 

the amplitudes of the IM,3 products are scaled by g1•gi
2 and g12·~ (see equations (1) and 

(2)). Thus, every doubling of the ampJitude of the jammers produces an eight-fold 

10 increase in the amplitude of the IM3 produc~s. Viewed another way, every 1 dB increase 

in the input power of the jammers ~ults in 3 dB increase in the IM3 products. 

Fig. lB is a diagram illustrating the generatfoh of IM3 distortion (also referred to 

as spectral regrowth) due to nonlinearity in the active circuit. The IM3 distortions in Fig. 

lB results from the desired signal itself, without any jammers. In Fig. lB, the input 

15 signal into an amplifier 110 is, for example, a CDMA signal 112. The output signal from. 

amplifier 110 is the amplified CDMA signal 114 ~da distortion component 116. The 
. . . 

distortion component 116 acts as interference on CDMA signal 114 and on the adjacent 

'channels. Thus, it is desirable to redµce the amplitude of the distortion component 116. 
. ; . . . 

Fig. 1 C is a diagram illustrating the generation of the intermodulation produ<..'ts 

20 shown in Fig. lB. Due to second-order nonlinearity in the amplifier, the desired signal 

112 centered around fd results in IM2 distortion components 122 at the second harmonic 

frequency centered around 2fd and distortion components 124 at the difference frequency 

centered around DC. Note that .the bandwidth of the distortion components 122 and 124 

is twice that of the desired signal 112. The distortion components 122 then mixes with 

25 the desired signal 112 to generate distortion components 126 at the difference frequency 

(2td - td) due to the same second-order nonlinearity in the amplifier. The distortion 

components 124 also mixes with the desired signal 112 to generate distortion components 

128 at the sum frequency (0 + fa) due to the second-order nonlinearity. Distortion 

components 130 results from the third-order nonlinearity in the amplifier and are 

30 generated from the desired signal 112. Note. that the bandwidth of the distortion 

components 126, 128, and 130 is three times that of the desired signal 112. 
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The linearity of an active circuit can be characterized by the input-referred third­

order intercept point (IIP3). Typically. the output RF signal and the third-order 

intennodulation products arc plotted versus the input RF signal. As the input RF signal is 

increased. the IIP3 is a theoretical point where the desired output RF signal and the IM3 

5 products become equal in amplitude. The 11P3 is an extrapolated value since the active 

circuit typicalJy goes into compression before the IIP3 point is reached. To minimize 

degradation due to intermodulation products. the active circuit is designed to have high 

IlP3. 

As noted above, for a pair of jammers at the frequencies f1 and f2, the second-

10 order nonlinearity of the active circuit produces IM2 products at the upper frequencies 

(e.g., (2•f1), (2•f2), and (f1+f2)) and the difference frequency (e.g., (f2-f1)). The amplitudes 

and phases of the IM2 products are dependent, in part, on the impedances of the source 

and load of the active circuit at the upper and difference frequencies. The·IM2 products 

produced by the nonlinear input impedance of the active circuit and the IM2 products fed 

15 back to the input of the active circuit are mixed with the jammers to generate IM3 

products that may fall within the desired signal band. Additionally, the third-order 

nonlinearity of the active circuit also creates IM3 products that may also fall within the 

desired signal band. The amplitudes and phases of the IM3 products from the third-order 

nonlinearity are dependent, in part, on the impedances of the source and load of the active 

20 circuit at the frequencies of these IM3 products. 

The invention provides techniques to cancel the IM3 products at the output of the 

active circuit. Specifically. the IM3 products generated by the even-order (i.e., second­

order) nonlinearity of the active circuit are canceled, at a particular frequency, against the 

IM3 products generated by the odd-order (i.e., third-order) nonlinearity. The amplitude 

25 and phase of the IM3 products can be manipulated by adjusting either the source or load 

impedance. or both. of the active circuit · 

Fig. 2 shows a diagram of a circuit coilfiguration employing the impedance 

matching technique of the invention to reduce intermodulation distortion. As shown in 

Fig. 2, a signal source 210 provides an-input signal that includes a desired signal and (in 

30 most instances) undesired signals. Signal source 210 couples via an input matching 

network 212 to an active circuit 214. Active circuit 214 couples via an output matching 
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network 216 to a load circuit 218. Active circuit 214 can be any circuit that exhibits 

nonlinearity, such as· an active device. a low noise amplifier (LNA), or a power amplifier 

(PA) fabricated in any: available semiconductor process. 

The invention can be practiced in one of many embodiments. In one embodiment, 

5 . a matching network is placed at the input of the active circuit. In another embodiment, a 

matching network is placed at the output of the active circuit. And in yet another 

embodiment, matching networks are placed at both the input and output of the active 

circuit. In one specific application for a receiver system, the matching network is placed 

at the input ·of a low noise amplifier (LNA) to· reduce the amplitude of the 

1 O · intermodulation products before amplification is performed, In another specific 

application for a transmitter system; the matching network is placed atthe output of the 

active circuit that intr<.>duces the intermodulation.; such as the amplifier. 

·As shown in Fig. 2, signal source 2 l 0 has a source impedance (Zsource) and load 

circuit 218 has a load impedance (Z1oac1). Input matching network 212 transforms the 

15 source impedance (ZsoUn:e) into an input matching. network impedance (Zimn) at the input 

. of active circuit 214 that reduces intermodulation distortion at the output of active circuit 

214. Similarly, output matching network 216 transforms the load impedance (Z1oad) into 

. an output matching network impedance (Zomn} at the output of active circuit 214 that also 

reduces intermodulation distortion at the output of active circuit 214. The design of 

20 matching networks 212 and 216 is further described below. 

Fig. 3A shows a diagram of an embodiment of a common-emitter amplifier. A 

signal source 310 couples to t;he base>of a bipolar junction transistor 314 via a network 

312 having an impedance of Zs. The emitter of transistor 314 couples to a network 316 

having an impedance of Zi;. And the collector of transistor 314 couples to a network 318 

25 having an impedance of ZL. Network 312 includes the impedance of the signal source 

and the matching and bias networks for the input of the active circuit. Network 318 

includes the impedance of the load and the matching and bias networks for the output of 

the active circuit. 

Fig. 3B shows a schematic diagram of an equivalent circuit of the common-

30 emitter amplifier in Fig. 3A. Signal source 310 and networks 312, 316, and 318 arc 
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shown again in Fig. 3B. Transistor 314 is biased in the forward active region and is 

modeled as a nonlinear AC equivalent circuit. 

In the equivalent circuit. a base resistor (re) 322 couples between network 312 and 

a node n1• A current source (ia) 324 couples in parallel with a base-emitter diffusion 

5 capacitor (Coe) 326 and an emitter-base junction capacitor (Cje) 328, the combination of 

which couples between nodes n1 and n2. A base-colJector junction capacitor (C11) 330 

couples between nodes n1 and nJ. A collector current source (ic) 332 couples between 

nodes n2 and llJ. An emitter resistor (rE) 334 couples between node n; and network 316. 

A collector-substrate capacitor (Ccs) 336 couples between node n1 and circuit ground. A 

10 collector resistor (re) 338 couples between node n3 and network 318. Network 312 and 

resistor (IE) 322 together form a network 342 having an impedance of Zi, as seen from 

node n1. Network 316 and resistor (rE) 334 together form a network 346 having an 

impedance of Z2, as seen from node ni. And network 318, capacitor (Ccs) 336, and 

resistor (re) 338 together form a network 348 having an impedance of Z3, as seen from 

15 node n3. 

In the small-signal analysis, the collector current (ic) of current source 332 is 

given by the following equation: 

Eq(3) 

where vn is the internal base-emitter voltage (v~ = v1 - v2) and gi, gi, and g3 are 

20 coefficients of a power series defining ic. As shown in equation (3), the collector current 

ic does not depend on the base-coJlector voltage (v1 - v3). This assumption is valid for a 

transistor that operates far from the saturation and breakdown regions. The output 

resistance of the transistor itselfro, modeling the Early effect, can be ignored in instances 

where it is much larger than the load impedance (Z1.}, which is the case for most RF 

25 circuits. 

In the following analysis, the following simplifications are made. First, only the 

first three terms in equation (3) are analyzed and the higher order terms in the power 

series are ignored. This simplification is valid for circuits that are weakly nonlinear (i.e., 

opera.ting with small signals). Second~ the base resistance (ra) is presumed to be constant. 

30 which is accurate if the real part of Zs is much larger than rR (Re{Zs} >> r8). Third, the 
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base-emitter junction capacitance (Cj1!} is also presumed to be constant, which is a 

plausible assumption because of the relatively weak· dependency of CjE ·on the bia~ 

voltage. Fourth, the base-collector capacitance (C11) and the collector-substrate 

capacitance (Ccs) are presumed to be constant, which is a valid assumption if the base-

5 collector and collector-substrate junctions are strongly reverse-biased. And fifth, the low 

frequency current gain (f3) and the forward transit time (t)· are also presumed to be 

constant. The assumption of ·constant f3 and t narrows the accuracy of the analysis to 

instances where the collector bias current is below the levels causing the high-level 

injection and the fr roll-off effect. Constant f3 and 't cause the base current (i8 ) and the 

10 current (icoE) through the base,;emitter diffusion capacitance (CoE) to be linear functions 

of the nonlinear collector current (id (e.g., iB, = ~ and ~DE = 'f • ~~ ). 

With these simplifications~ the analysis begins by 'firiding the IM3 distortion of the 

signal delivered to the load (Z1J~ · Since the voltage at nod.e n3 has the same distortion as 

that at the load, the distortion at the load can be determined from the Volterra series for 

15 the voltage at node n3, which is: 

20 

Eq(4) 

where B
11
(co1, ••• ,co11 ) is the n-dimensional Fourier transform of the n-th order 

Volterra kernel. For an input signal (vs) including two tones at the frequencies fa and fb 

(i.e., vs= lvsl •[cos(co0t)+ cos(eoi,t)], the IM3 product at the frequency (2•fb-t) is given by: 

Eq(5) 

The coefficients of the v3(vs) power series in equation (4) (e.g., B1(), B2(), B3(), 

... )can be found from Kirchoffs law equations in the manner known in the art. For 

example, this derivation is described by Fong, K.L. and Meyer, R.G. in a paper entitled 

"High-Frequency Nonlinearity Analysis of Common-Emitter and Differential-Pair 

25 Transconductance Stages," IEEE Journal on Solid-State Circuits, vol. 33, pages 548-555, 

April 1998. Once these coefficients are obtained, they are substituted into equation (5) to 

yield the following: 
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Eq(6) 

H(co) relates the equivalent input IM3 voliage to the lM3 components of the collector 

current, and is given by: 

Eq (7) 

5 A 1(ro) is the first-order transfer function relating vx to vs, and is given by: 

Eq(8) 

e(Am,2m) is the interaction factor resulting from multiple 1M3 contributions, and is given 

by: 

2g/ [ 2 1 ] e(Aco,2co)=g3 --- + , 
3 g 1 + g(Aco) g 1 + g(2m) 

Eq(9) 

10 g(0>} relates to then-th order ic responses to the same order vx responses with vs= 0 at the 

corresponding frequencies, and is given by: 

Eq (IO) 

where co = COa = c.oi,, Aro = rob - Wa, and Zx = Z2 + jroCµ (Z1Zi + Z1Z3 + Z2Z3). The 

derivation of equations (4) through (10) is further described in the aforementioned U.S. 

15 provisional Application Serial Nos. QCPA729P and QCPA730P. 

In equation (9), the first tem1 (g3) comes from the third-order nonlinearity of the 

collector current (as shown in equation 3). and the second term [(2gl/3)( •.. )] comes from 

the second-order nonlinearity of the collector current. The second term reflects the JM3 

products generated from IM2 products mixing with the input tones. 
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The derived closed-form expression for the IM3 product in equation (6) includes 

the collector-base junction capacitance (Cµ)· This capacitor affects the amount of 

distortion generated.by the transistor. Capacitor (Cµ) feeds the IM2 products from the 

collector back to the base where they mix with the input tones to generate the IM3 

5 products. As shown in equation (6), lower IM3 distortion is achieved when the factors 

IH(co)I, IA1(ro)I, and le(Aro,2ro)I are reduced. The first two factors are functions of ro and 

depend on the in-band source and load impedances (i.e., the impedances at co). The in­

band impedances are typically optimized for other performance considerations, i.e., they 

are selected to provide the required gain, noise figure, input/output impedance match, and 

I 0 so on. Accordingly. in an embodiment of the invention, the in-band impedance at ro is 

not tuned to reduce IM3 ·distortion. ·· · 

As shown in equation (9), £()is a function of gQ which is a function of z,, Z2, and 

Z3. Referring to Fig. 3B, Z1 is a combination of Zs and rs, Z2 is a combination ofZE and 

.rs, and Z3 is a combination of ZL~ re, and Ccs .. Zio is generally fixed and is usually not 

15 · · considered in the optimization for reducing IM3 distortion. 

In accordance with an ·aspect of the invention, the· impedances (Z1 and Z3) that 

result in the "optimal" distortion performance. are ·first determined. Then, the "optimal" 

source and load impedances (Zs and Z~) can be computed based on the determined 

impedances (Z1 and Z3) and the components ra, re, and Ccs. which are known from the 

20 signal model or can be empirically measured. The following discussion refers to the 

source and load impedances Zs and ZL that are related to impedances Z1 and Z3, 

respectively. 

As shown in equations (9) and (I 0), the interaction factor l£(8ro, 2ro)I is dependent 

on the source and load impedances at the difference (or sub-harmonic) frequency (Aro= 

25 co, - ro2) and the upper (or second harmonic} frequency (2ro ). As used herein, sub­

harmonic refers to the difference frequency (i.e., Aro or Af) mixing products. In an 

embodiment of the invention, the impedances at these frequencies are optimized to reduce 

the factor IE(Aro, 2ro)I, and thus the IM3 distortion. The parameters that can be optimized 

are: (1) the collector load impedance at the sub-harmonic frequency, or ZL(Aro); (2) the 

30 collector load impedance at the second harmonic frequency. or ZL(2ro); (3) the base 
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source impedance at the sub-ham1011ic frequency, or Zs(.l\co); and (4) the base source 

impedance at the second harmonic frequency, or Zs(2m). 

The minimum IM3 distortion can be· obtained by setting equation (9) to zero and 

solving for the impedances for ZL(.l\co}, ZL(2m), Zs(.l\<0), and Zs(2co). This is a complex 

5 equation having many solutions. The optimization for the impedances that result in the 

minimum IM3 distortion can be achieved through computer simulations, numerical 

analysis, hand calculations, and other circuit analysis techniques. 

To simplify the optimization process, either the source or load impedance of the 

active circuit can be fixed. In one embodiment, the load impedance of the active circuit is 

1 O fixed and the source impedance of the active circuit is optimized at the sub-harmonic 

frequency and second harmonic frequency for minimum IM3 distortion· using the 

equations derived above. In another embodiment, the source impedance of the active 

circuit is fixed and the load impedance of the active circuit is optimized at the sub­

hannonic frequency and second harmonic frequency. 

15 In one embodiment for determining the optimal source and load impedances, · 

j£(Aco~ 2co)I is computed using equations (9) and (10) for various source and load 

impedance values. For example, a specific value is selected for the load impedance and 

!£(A.co, 2<0)! is computed for various source impedances. Then another specific value is 

selected for the load impedance and le(Aco, 2co)I is again computed for various source 

20 impedances. The results can be stored in a table, and the table can be searched for the 

best (i.e., lowest) value oflc:(.l\co, 2c.o)I. The process can be perfonned at the sub-harmonic 

frequency (Aco) and again at the second harmonic frequency (2c.o). 

To further simplify the optimization process, several additional approximations 

can be made, which are described below. The first of these approximations neglects the 

25 effects of ZL(Aco). Theoretically, the load impedance at the out-of-band frequencies (e.g., 

.£\0> and 2ro) affects the generation of the IM2 products resulting from the second-order 

nonlinearity of the transistor. These IM2 products are fed back to the input, via the 

collector-base junction capacitor (C1.i), and mix with the input signal (again due to the 

second-order nonlinearity) to generate IM3 products. As shown by the example above, 

30 IM2 products at both the sub-harmonic (i.e., (f2-f1)) and second harmonic (i.e., (2•f2)) 
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frequencies mix with the input signal to generate IM3 products (i.e., at (f2-f1)+f2 and 

(2•f2)-f1). 

However, at the sub-harmonic frequency~ the load impedance (Z1.) is typically 

much smaller than the impedance of the coupli:qg capacitor (C11) for. many narrow-band 

5 RF circuits. Thus, the feedback through capacitor (C11) at the sub-harmonic frequency 

(Aco) and the effect of Z1.(Aro) can be neglected. This simplification is not accurate for 

circuits in which the collector current (ic) significantly depends on the base-collector 

voltage (v3 - v1). For these circuits, the IM2 product at the sub-hannonic frequency (Aro) 

in the collector voltage (v3) modulates the output signal, thereby contributing to the IM3 

10 

15 

·distortion. 

In many instances, the undesired. signals can appear at any frequencies. Thus, a 

good design should not optimize for low 1M3 'distortion at· any particular set ·of 

frequencies. From equation (9), to achieve zero theoretical distortion at different offset 

and center frequencies, g(Aro) and g(2ro) should be·frequency independent such that: · 

1 
g(Am)=- • . r 

Eq (llA) 

Eq (llB) 

where r is a constant to set £(Aro, 2m) to zero. The expressions in equations (1 lA) and 

(1 lB) are under-detennined and have many solutions. Among these solutions, those with 

positive real parts for Z1.(2ro). Zs( Am), and Zs(2ro) are readily realizable and are of 

20 interest. 

Setting £(Aro, 2co) equal to zero results in a zero IM3 product at the frequency 

(2roz-ro1), but not necessarily a zero IM3 product at the frequency (2ro1-ro2). The IM3 

product at (2c.o1-roz) is related to E(-Aro, 2co), which is not equal to £(Aco, 2ro) if g(Aco) '* 
g(-Aro). When this is the case, IM3(2co1-Ct>z) :¢: IM3(20>i-co1) and the condition is referred 

25 to as IM3 asymmetry. IM3 asymmetry prevents both· IM3 products to be minimiz.ed 

concurrently. It can be shown that the dependency of g(Aro) on the sign of Aro is due to a 

non-zero imaginary part of g(Aro) that changes the sign of g(Aro) when Aro is replaced 
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with -Am. Stated differently, g(.6.ro) is conjugate to g(.:.am). Thus, to avoid IM3 

asymmetry, the imaginary part of g(Am) is set to zero, or Im{g(Aro)}= O~ and r in equation 

(1 lA) should be real. This simplification further reduces the complexity of the 

optimization to reduce IM3 distortion. 

5 For a clearer understanding of the invention and its application, the matching 

network for a specific LNA design is described. 

Fig. 4 shows a schematic diagram of a specific embodiment of a low noise 

amplifier (LNA) 400 optimized for low IM3 distortion using the invention. As shown in 

Fig. 4, a microstrip line 412 couples betWeen the input ofLNA 400 and circuit ground. A 

10 capacitor 414 couples in series with a microstrip line 416, the combination of which 

couples between the input of LNA 400 and the base of a transistor 420. A microstrip line 

422 couples between the emitter of transistor 420 and circuit ground. A resistor 430 

couples in series with a capacitor 432, the combination of which couples between the 

power supply (V cc) and circuit ground. A resistor 434 couples in series with a capacitor · 

15 436, the combination. of which couples in parallel with capacitor 432. A microstrip line 

438 couples between the base of transistor 420 and capacitor 436. A microstrip line 440 

couples in parallel with a resistor 442. the combination of which couples between the 

power supply {V cc) and the collector of transistor 420. A pair of capacitors 444 and 446 

couples between the power supply (V cc) and circuit ground. An inductor 450 and a 

20 capacitor 452 couples in series, the combination of which couples between the collector 

of transistor 420 and the output of LNA 400. A capacitor 454 couples between circuit 

ground and the interconnection of inductor 450 and capacitor 452. 

In an embodiment, transistor 420 is a discrete RF transistor from Philips 

Corporation (e.g., model number BFG425W) that is biased at 5 mA quiescent collector 

25 current from a 2. 7V power supply (V cc = 2. 7V). Capacitors 444 and 446 provide 

filtering of the power supply and an AC short for LNA 400. Resistors 430 and 434 set 

the bias current and also provide isolation of the power supply impedance. Typically, 

resistor 434 is much smaller than resistor 430 and minimally affects the bias current. 

Capacitor 432 provides AC ground for resistors 430 and 434. Capacitors 414 and 452 are 

30 AC coupling (i.e., DC blocking) capacitors. Resistor 434 and capacitor 436 set the source 

impedance at the sub-harmonic (i.e .. Aro) frequency. 
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For simplicity, only the out-of-band source impedance (Zs) is tuned for minimum 

IM3 distortion, or high IIP3 performance. Alternatively, the out-of-band load impedance 

(ZL), or a combination of tbe source and loa4 impedances, can be tWled for minimum IM3 

distortion. 

5 In one implementation, to isolate transistor 420 from the effects of the external 

load impedance at the second harmonic frequency, the collector load impedance(ZL(2co)) 

is fixed (i.e., shorted to ground) by a short-circuited quarter wavelength microstrip line 

440. This short isolates the {usually not well defined) second harmonic impedance of the 

external load from the collector of trarisistor 420. Line 440 is also used to provide the 

IO collector bias current. As stated above, the load impedance at the sub-harmonic 

~quency (ZL(Am)) can be neglected from consideration in most RF circuits because the 

impedance of line 440 is typically much less than that of the base-collector capacitor at 

the sub-hannonic frequency (Aco). 

To· isolate .transistor 420 from the effects of the impedance of the signal source at 

15 the second harmonic frequency. the signal source is shorted to· ground by a short-circuited 

quarter wavelength microstrip line 412. This short isolates the {typically undefined) 

second harmonic impedance .of the signal source from the base of transistor 420. At the 

fundamental frequency (co), microstrip lines 412 and 440 act as open circuits and have 

minimal affects on the in-band performance of LNA 400. 

20 By shorting the input ofLNA 400 at the second harmonic frequency (2co), a well 

controlled non-zero real part of Zs(2m) can be produced using a resistor in the input 

matching network. However. this resistor tends to increase the noise figure (NF) of LNA· 

400 in the signal band. A network can be formed that provides the required· resistance 

(i.e., the real value) at the second harmonic frequency (2co) and zero resistance at the 

25 fundamental frequency (co). 

Alternatively, to avoid using resistors in the input matching network (i.e., to avoid 

degradation in the itoise figure performance), Zs{2co) is limited to values having real parts 

that are close to zero. For a particular ZL(2ro), together with the limitation imposed by 

equation (l IB), constant r and the values of Zs(2co) at various second harmonic 
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frequencies are defined. Once constant r is defined~ equation (l lA) can be solved for the 

optimal values of Zs(Aro) at the sub-harmonic frequencies. 

Thus, the approximations and their basis are as follows: 

Zi.(Aro):: O; 

Zi.(2co)::O; 

lm{g(Aro)} = O; 

Re{Zs(2ro)} = O; 

impedance of line 440 <<base-collector capacitor impedance 

'JJ4 microstrip line 440 

assumed to achieve IM3 asymmetry 

no resistor in the input matching network 

ln the embodiment shown in Fig. 4, the input matching network is designed to 

match the input ofLNA 400 to 50 0 at the fundamental frequency (e.g .. f ... 2 GHz}, and 

10 to properly terminate the input at the sub-harmonic frequency (e.g., M < 50 MHz) and at 

the second harmonic frequency (e.g .• 2f = 4 GHz) for reduced IM3 distortion and 

improved IIP3 performance. 

Microstrip line 438 is used forin-band matching at the fundamental frequency (f); 

and its length is determined by shunt capacitor 436. The source impedance at the sulr 

15 harmonic frequency Zs(Aro) is set by resistor 434 in parallel with capacitor 436. At the 

sub-harmonic frequency, the effects of capacitor 414 and microstrip line 416 can be 

ignored since capacitor 414 is selected to have high impedance at this frequency~ 

Varying the value of resistor 434 changes the real part of Zs( Aro). The source impedance 

at the second harmonic frequency Zs{2co) is set by micro strip line 416 in pan!llel with 

20 microstrip line 438. Varying the length of microstrip line 416 tunes the imaginary part of 

Zs(2co) without affecting the in-band impedance match because line 416 is a 50'2 line. 

Inductor 450 and capacitor 454 form the output matching network that is used to 

tune the LNA output impedance at the fundamental frequency (f). Resistor 442 is used to 

stabilize LNA 400 and prevents oscillation. Microstrip line 422, together with the 

25 package lead and bondwire inductances of transistor 420, form the emitter degeneration 

circuit. This circuit brings the conjugate input impedance of the transistor closer to the 

source impedance that improves noise figure performance. 

Fig. 5 is a plot of the IIP3 (in dBm) of LNA 400 in Fig. 4 as a function of the real 

part of Zs(Aro) and the imaginary part of Zs(2ro). In the example. the input signal include 

30 two tones at 2.000 GHz and 2.001 GHz. The contours are plotted using equation (6). 
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The discrete data points represent the measured test results. The plot shows IIP3 that is 

the larger oflM3(2fa-fh) and IM3(2fb-fa). As shown in Fig. 5, the .. optimal" combination 

of Re{Zs(~ro)} and lm{Zs(2ro)} results in t11e best IIP3 performance of +15.8 dBm, 

which is 14 dB higher than the IIP3 for a similar LN A without the out-of-band impedance 

5 matching of the invention. 

Figs. 6A and 6B are plots that show the dependenc}' of the IIPJ performance on 

the center frequency (f) and the offset (~f) frequency, respectively, of the input tones. A2, 

shown in Figs. 6A and 6B, for a.frequency range of 1.95 GHz to 2.05 GHz and for a M 

range of -50 MHz to +59 MHz, the IIP3 performance is above +8 dBm. The dependency 

10 of IIP3 on frequency stems from the fact that Zs(Ac.o) and Zs(2m) are optimized only at a 

single offset and center fi'equeriC}\ Which simplifies the Optimization process. The 

matching network of the invention has negligible affects,· if any, on other performance of 

LNA 400. The measured gain, noise figure, and input return loss are approximately 16 

dB, 1.7 dB, and -JO.dB, respectively:. \vi.th arid without the impedance.matching of·the 

JS 

20 

invention. Thus, improvement 'in ·np3 performance is obtained Without sacrificing 

performance of other important parameters. 

. • The matching network in Fig. 4 is implemented using, in part, microstrip lines. 

Other Jransmission lines (e.g.,· microwave lines)~ lwnped components (e.g., i11ductors and 

capacitors), or the like can also be used, in the matching network and are within the scope 

of the invention. 

For simplicity, the matching network has been optimized to reduce !Ml distortion 

at a specific set of frequencies. For improved linearity performance, the matching 

network should be optimized over a range of frequency (.M) as determined by a band 

selection filter (i.e., the duplexerin a cellular transceiver). 

25 For clarity, the invention. has been described with the nonlinear circuits 

implemented as bipolar junction transistors (BJTs). The invention can also be applied to 

other nonlinear circuits including FETs, MOSFETs~ MESFETs. HBTs, P-HEMTs, and 

others. As used herein, "'transistor" generically refers to any nonlinear circuit, and is not 

limited to a BJT. 

30 One aspect of the invention provides an electronic circuit (e.g., a LNA, a mixer, 

and other nonlinear circuits) that includes the matching networks of the invention. 
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·:· ;···.·: 

Another aspect of the invention provides software codes used to design the matching 

networks of the invention. 

The foregoing description of the preferred embodiments is provided to enable any 

person skilled in the art to make or use the present invention. Various modifications to 

5 these embodiments will be readily apparent to those skilled in the art. and the generic 

principles defined herein may be applied to other embodiments without the use of the 

inventive faculty. Thus, the present invention is not intended to be limited to the 

embodiments shown herein but is to be accorded the widest scope consistent with the 

principles and novel features disclosed herein. 

10 WHAT IS CLAIMED IS: 
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\ \11\11\ \\\I\\ Ill\\ \\1\1 \\ ''" . ' * . C L M S CLAIMS 

1. An electronics circuit comprising: 

2 an active circuit including an input that couples to a signal source and an output 

that couples to a Joad, wherein the active circuit h'as even-order nonlinearit}r and odd-

4 order nonlinearity and is configured to operate on an input signal from the signal source, 

wherein the input signal includes a desired signai centered at a first frequency and 

6 undesired signals centered at a second frequency; and 

a first matching network coupled between either the ·signal source and the input of 

8 the active circuit or the load· and the output of the active ckcui~ 

wherein the first matching network is tuned at a sub-harmonic frequency or a 

10 · second harmonic of the second frequency, or both, to reduce intermodulation distortion 

resulting from the even-oi;der and odd order nonlinearities of the active circuit. 

2. The circuit of claim l wherein the first matching network includes microstrip 

· 2 lines for tuning impedance. 

3. The circuit ofc]aim 1 wherein the first matching netWork includes lumped 

· 2 · reactive circuits. 

4. ·The circuit of claim 1 wherein the output of the active circuit is shorted at the 

2 second hannonic of the second frequency. 

5. The circuit of claim 1 wherein the output of the active circuit is open circuited 

2 at the second harmonic of the second frequency. 

6. The circuit of claim 1 wherein an output impedance of the signal source is 

2 shorted at the second harmonic of the second frequency. 

7. The circuit of claim 1 wherein the first matching network is tuned to reduce 

2 intermodulation distortion by cancellation of intermodulation products resulting from 
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even-order nonlinearity with intermoduJation products resulting from odd-order 

4 nonlinearity. 

8. The circuit of claim 1 wherein the first matching network is interposed 

2 between the signal source and the input of the active circuit. 

9. The circuit of c]aim 1 wherein the first matching network is interposed 

2 between the load and the output of the active circuit. 

10. The circuit of claim 1 further comprising: 

2 a second matching network interposed between the load and the output of the 

active circuit, and 

4 wherein the first matching network is interposed between the sigruil soli.rce and the 

input of the active circuit. 

11. The circuit of claim 1 wherein the· first matching network realizes a first 

2 complex value of impedance at the sub·harmonic frequency and a second complex value 

of impedance at the second hannonic of the first frequency that are selected to reduee 

4 intermodulation distortion. 

12. The circuit of claim 1 wherein the first matching network has minimal effect 

2 on impedance at the first frequency. 

13. A circuit for use as an amplifier or a mixer comprising: 

2 a transistor including a base that couples to a signal source and a collector that 

couples to a load, wherein the transistor bas even-order non1inearity and odd-order 

4 nonlinearity and is configured to operate on an input signal from the signal source, 

wherein the input signaJ incJudes a desired signal centered at a first frequency and 

6 undesired signals centered at a second frequency; 

a first matching network coupled between the signal source and the base; and 
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8 a circuit element coupled between the collector m1d m output of the circuit, 

wherein the circuit element is selected to provide isolation of the load from the collector 

l 0 at a second hannonic of the second frequency, 

wherein the first matching network is tuned to reduce intermodulation distortion 

12 by cancellation of intermodulation products resulting from even-order nonlinearity with 

intermodulation products resulting from odd-order nonlinearity. 

14. The circuit of claim 13 wherein the circuit element is configured to provide an 

2 approximate short circuit to AC ground or an approximate series open at the second 

hamionic of the second frequency. 

2 

4 

6 

8 

10 

12 

14 

16 

15. A method for reducing intermodulatiori distortion from an active circuit that 

· ·operates on an input signal including a desired sign.al centered at a first frequency and 

undesired signals centered at a second frequency. the method comprising: 

determining a load impedance of the active circuit; 

determine a source impedance of the active circuit; 

modeling the active circuit with a nonlinear model having an input artd an output, 

· :wherein the input of the model ctiuples to the source impedance· and the output· of the 

active circuit couples to the load impedance; 

defining a first matching network, wherein the first matching network is coupled 

between either the model input and the source impedance or the model output and the 

load impedance; 

computing intermodulation distortion resulting from the active circuit for one or 

more impedance values of the first matching network, wherein the impedance values are 

computed. at either a sub-hannonic frequency or a second hat'monic of the second 

:frequency; and 

selecting an impedance value for the first matching network that reduces the . 

intermodulation distortion. 

16. The method of claim 15 further comprising: 

2 shorting the output impedance of the active circuit at the second harmonic of the 

second frequency. 
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17. The method of c)aim 15 wherein the first matching network is coupled 

2 between the model output and the load impedance. 

18. The method of claim 15 wherein the first matching network is coupled 

2 between the model input and the source impedance. 

19. The method of claim 18 further comprising: 

2 determining an input matching network impedance (Zimn) based on the source 

impedance and the selected impedance value of the first matching network; and 

4 maintaining approximately similar values for Zimn in a range of frequencies 

centered about the first frequency. 

20. The method of claim 1 S wherein the first matching network is coupled 

2 between the model input and the source impedance, the method further comprising: 

defining a second matching network coupled between the model output and the 

4 load impedance; 

computing intermodulation distortion resulting from the active circuit for one or 

6 more impedance values of the second matching network, wherein the impedance values 

are computed at either a sub-harmonic frequency or a second harmonic of the second 

8 frequency; and 

selecting impedance values for the first and second matching networks that reduce 

10 the intermodulation distortion. 

21. The method of claim 20 further comprising: 

2 determining an input matching network impedance (Zimn) based on the source 

impedance and the selected impedance value of the first matching network; 

4 determining an output matching network impedance (Zomn) based on the load 

impedance and the selected impedance value of the second matching network; and 

6 selecting values for Zimn and Zomn in a range of difference and upper frequencies 

and second frequencies that minimize intermodulation distortion, wherein the range of 

8 difference frequencies is defined by the range of frequency separations of undesired 
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signals, and wherein the range of upper frequencies is defined by the range of second 

10 harmonics of the second frequencies of the undesired signals. 

22. The method of claim 15 further comprising: 

2 shorting the source impedance at the second harmonic of the second frequency. 

23. The method of claim 15 wherein the first matching network is tuned to reduce 

2 intermodulation distortion by cancellation of intermodulation products resulting from 

even-order nonJinearity with intermodulation products resulting from odd-order 

4 nonlinearity. 

24. The method of claim 15 wherein the first matching network realizes a first 

complex value at the sub-harmonic frequency and an imaginary value for the input 

impedance at the second. harmonic of the second frequency that reduce intermodulation 

5 distortion 


