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Uncoupled Matching for Active and Passive
Impedances of Coupled Arrays in MIMO Systems

Michael A. Jensenkelow, IEEE and Buon Kiong LauSenior Member, |IEEE

Abstract—Impedance matching for coupled antenna arrays numerically-optimized solutions for a given open-circod-
has receiveq consideraple atterlltion. in the resefarch community. variance [11], [12] orinput impedance matching [7], which
Because optimal matching requires implementation of a coupled yaghactively represent forms of matching to the active and
network, leading to high complexity and often narrow operation L d In this MIMO text. theref & |
bandwidth, new research has focused on the development of un- passive impe ancgs. n this con e_X . Ereiore, Wi lac
coupled matching networks with good performance. This paper @ common theoretical framework for designing such networks
explores traditional uncoupled impedance matching techniques a detailed understanding of their different behaviors, and
for coupled arrays, specifically matching to the array active careful comparison of their relative performance.
and passive impedances, within the context of multiple-input This paper focuses on uncoupled matching for MIMO

multiple-output communication. The concept of matching to by f lati h uti d
the array active impedance is extended to the case where theSYSt€MS by formulating these solutions under a common

propagating field is specified stochastically, and the performance theoretical framework and discussing each approach in the
of this solution is compared to that of traditional solutions context of what is known about the propagation channel.

using simulations. While emphasis is placed on matphing .for Furthermore, because the channel is typically time-varian
maximum power transfer, the paper concludes with a discussion e gemonstrate how to extend the concept of matching to
on matching for minimum amplifier noise figure. the active array impedance to the case of stochastically-
Index Terms—Antenna array mutual coupling, Impedance gpecified fields. The ergodic channel capacity achieved with
matching, MIMO systems these matching techniques is compared to that resulting fro
| INTRODUCTION a numerically—optimizec_i impedance match. Simulati_oryshwit
) closed-form and numerically-generated antenna charstitsr
C URRENT INTEREST in using multi-antenna technologyjjystrate that active impedance matching provides goaibe
to enhance wireless communication performance COUp|ﬁ5}lming gain and optimal MIMO capacity for small signal-
with the small antenna separation mandated by compact gmoise ratio (SNR) or high antenna coupling, while passiv
bile devices have led to vigorous interest in impedance 'mat%atching achieves superior performance for high SNR and low
ing techniques that compensate for the degradation crégted.oupling. While the paper focuses on matching for maximum
antenna mutual coupling. Optimal solutions to this problc_a@bwer transfer, it concludes with an approach for applyirey t

require coupled matching networks, with examples beingethods to achieve minimum amplifier noise figure.
the well-known optimal multiport conjugate match (MCM)

for maximum power transfer [1]-[3] and the corresponding

result for minimum noise figure [4]-[6]. Unfortunately, $uc Il. MATCHING FOR POWER TRANSFER
coupled networks are typically complicated and often tésul A common design goal is to maximize the power transferred
narrowband matching performance [7]. either from the transmit power amplifiers to the antennas or

The challenges associated with implementation of optimghm the receiving antennas to the terminating loads. The
matching motivate the identification of uncoupled matchin§0a| of this section is therefore to formulate the uncou-
networks that achieve near-optimal performance. In i@ o terminations that achieve this maximum power transfer
array research, this is typically accomplished by matchingoughout this analysis, boldface lowercase and uppercas
to the array selfpassive [8], [9], or active [10] impedance. gympols denote vectors and matrices respectively, whiiptsc
However, when it comes to multiple-input multiple-outpu{ersions of the symbols indicate elements of the vector or

(MIMO) systems, where the objectives of the array proc@ssifyatrix (v, is the mth element of the vectov). An overbar
generally differ from those for traditional or beamforming,gicates a vector electromagnetic quantity.

arrays, the exploration of these uncoupled matching tech- o the,,th antenna in ad/-element array be characterized
nigues has been limited, with most work considering e|th%5, an open-circuit radiation pattern (pattern with all othe
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B. Stochastic Field Matching
Achieving optimal power transfer for a specific incident

/ field is only practical if the termination can adapt to the
: ? changing incident field. When this is infeasible, it is useéul
consider the termination that functions over a range ofiiexct
Coordinate Geometry Incident Field field profiles. Consider a discrete set &f incident fields,

with the pth field generating the open-circuit voltagé,”)
). Findi i
Fig. 1. Geometry showing a two-elementoriented dipole array and the and current”’. '_:md_mg the load |mpeQance that on avgrage
incident electric field in the system coordinate frame. matches the active impedances associated with all exwitati
means finding the solution minimizing the objective funatio

— i i — 1 P M 9
(z b — =] = S i - 220 @
+ + - + + p=1m=1
«O AL O oo -
- - - where Z,%; . is the active impedance for theth excitation.
Setting the derivative of (5) with respect¥j ,, equal to zero
@ : (b) and solving (with the help of (2) and (3)) leads to
Zhv]
Fig. 2. Impedance parameter equivalent network model of a edwunitenna Lim = —F20 (6)
array at the (a) receiver and (b) transmitter. Unm
P
1
U = YFngp)vgp”YT, 7
If the array is further characterized by a full impedance p=1

matrix Z 4 and is terminated in a load having an impedance K,
matrix Zy,, then the equivalent circuit for the receiving system B .
is that shown in Fig. 2(a) [13]. In this network,andi respec- V\?htireY _t .(Z.L JF'oZIAih znd[imt" denotes thennth element
tively represent the voltage across and the current throigh of e matrix inside the brackets. e

termination. It has been well-established that maximumeyow, SII’]CEZ'L appears withirlJ, we solve (6) by first initializing
is transferred to the load for the MCM [3], &, = ZTA, where the I(t)adtl_m%?dang%(for_ exa;npls\,/wn - ZAtxgm) af‘d th6en
{-} indicates a conjugate transpose. This requires a coupféodt;s ruc 't?]g an IusTg ( 21 ‘ée angjl[)uThL usmgé ),
termination (or matching network), which typically leads ¢and use this néw vaiue (o updaie and L. This procedure

. ) ” : repeats iteratively until it achieves convergence.
implementation complexity and reduced bandwidth [7]. Fljn the limit asyP s oo the sum in (7? becomes a true

expectation over the stochastic set of excitations. Wenassu

A. Deterministic Field Matching: Active Impedance that the fields are zero-mean Gaussian random processes
Maintaining maximum power transfer while avoiding th€P€ying the angular correlation model

complexities associated with the MCM is possible for a lE (E o =50 — o 8

specific incident field (or equivalently value ®f) using the { ine (1) Eine )} S(@)o( ) ®)

notion of matching to the array active impedance, the goah

Co e Wi
of which is to maintain the voltages and currents associated i i
with the optimally-terminated network [6], [10]. This is -ac angular spectrum (PAS) of the incident field dnd-} denotes
complished through the relations the expectation. Substitution of (1) into the expressianKg

shown in (7) yields the covariance of given as [14]

inc

ere 5(Q) = E{EHC(Q)ET (Q)} is the dyadic power

Zpi = Zhi=1Z7',i (2) - -
Vo = (ZL + ZA)i7 (3) Ko,mn = /QEm(Q) : S(Q) En(Q) ds). (9)

whereZ,. is the active impedanc&,; andZ,.; are diagonal ) )

matrices, and-}* is the conjugate. Using (2) in (3) leads to= Unknown Field Matching

V, = (ZQ + ZA)i = Zgi, whereZp = (zf4 + Z4). Note Systems often operate in a variety of scenarios, making it
that Zp = 2R 4, with R4 being the real part o% 4, under impossible to impedance match even to the stochastic nature
the assumption of reciprocal antennas that sa&fy= Z%, of the fields. If the system cannot adapt its termination to

where{-}T is the transpose. Solving this relationship f@and changing statistics, then the termination should be design

substituting the result into (2) leads to to accommodate all incident fields. One simple approach is to
set S(Q) = 1/4x in (9) (field arriving from all angles) and
[Zgzélvo} use this PAS to design the matching network. In this scenario
Zrm = Wv (4) K, x Ry, which is the mutual resistance of the coupled

array [6], [15]. Since any difference in scaling is removad i
where[-],,, is themth element of the vector inside the bracketg6), we can usdJ = YR Y.



An alternate approach is to match to the array passiepen-circuit noise to open-circuit signal squared volsage
impedance [8], [9], which is the input impedance seen logkirproportional to the ratio of the loss to the radiation resises,
into each antenna port. While a closed-form derivation of theading to the regularizatio&, ,m = Ko mm/€A.m-
terminations that allow all ports to be simultaneously rhatt
to their input impedances is simple for the case of two id@hti £ 5 parameter Analysis

antennas [7], [16], the solution becomes tedious for laayer The devel ts detailed in thi . be f lated
inhomogeneous arrays. Therefore, consider the antenag arr . € developments detailed in this section can be formuiate

used in transmit mode as depicted in Fig. 2(b) for whichsing the full S-parameter matrix of the antenna and the un-
i — Yv, andv = Z4i. We excite the array with a voItageCOUpled reflection coefficient matrix representing the Idaat

vs on themth port and zero voltage on the other ports an@atchmg to the active impedance given a deterministic field

subsequently compute the input impedance seen looking irﬁ{oto the passive impedance as discussed in Sections II-A and

the coupled array from thenth port. The load impedance. C,Fhe solutions based on Z—param_eters and S-paranarers
for this port is then chosen as the conjugate of this inp entical. However, when trying to simultaneously matctato
impedance, which can be expressed as range of active impedances by minimizing the cost function
' i in (5), the relative weight of each term in the cost function
_ [1ZaY],,,, for Z-parameters differs from that for S-parameters bezaus
Ly = { ———1m (20)
Lom Youm ' of their nonlinear mathematical relationship, and thenrefo

SinceZ,, appears in the expression fif, this equation can be slight difference§ can occur in the two sets of solut_ions. In
solved iteratively using the procedure outlined in Sectled, (h€ cases considered in this paper, these slight diffesence
Fundamentally, the passive impedance represents a spe?!?ﬁ\”ge_ neither the behavioral trends nor the funda_mental
case of the active impedance. Specifically, matching to tR@nclusions drawn from the results. Furthermore, while the
active impedance maximizes the received power for a sgigrivation of the corresponding techniques using S-paiensie

cific beamformer [6]. The passive impedance is the actif® Straightforward, their inclusion requires definition réw
impedance when the beamformer has only one non-zdlgtation and terminology. Motivated by these observatems

weight (i.e. processes the signal from only one antenng.pofP" the sake of conciseness, we therefore forego S-paramete
analysis in this paper.

D. Superdirective Solutions

] o o [1l. COMPUTATIONAL RESULTS
The concept of selecting a termination based on the incident .
field characteristics emphasizes that the uncoupled tatmm A. MIMO System Capacity
itself serves as a beamformer. As a result, for closelyepac While impedance matching for maximum power transfer is
antennas the terminations may produce superdirectivevbehapplicable to many scenarios, our focus is on comparing the
ior [17], and therefore we should take measures to remcodéferent terminations in terms of MIMO capacity. L&,
these solutions when designing practical systems. represent théll x M transimpedance transfer matrix, or
To assess the level of superdirectivity caused by a termina- oy
tion, we compute the arrag-factor defined ag) = ifi/if Ai, Vo = Holr +1,, (12)
where A = Ra/Ra,11 [18]. This equation is suitable whenwhere ir is the vector of transmit currents ang|, is the
considering the active impedance match for a specific fielsdkceiver noise referred to the open-circuit antenna tealsin
However, when considering stochastic fields, we likely wishhe instantaneous signal power received by the loads is
to take the average of this quantity, which is difficult given ) .. )
its rational form. However, we may approximate the average pr=i"Rpi =i, HY' R, YH,ir, (13)
Q-factor by taking the ratio of averages. Specifically, usinghere R, is the diagonal matrix of load resistances. We
thati = Yv, and that, as discussed in connection with (7assume that the transmit array has large element spacing (no
and (9).K, = E {v,v]}, this approximate averag@-factor coupling, no correlation) so that the transmit currentsehav
can be expressed as the covariancéKr = E iTi} = Pr/MI, wherel is the
E{viYTYvV,} Tr [Y'YK,] 1 identity matrix. We note thalr [K7] = Pr.

Qe = E {vTYTAYv } T Tr[YTAYK,]’ (11) Given an effective channel matrid relating the transmit

° ° currents to the signals at the loads, the capacity is given by

whereTr [] is the trace.

We also need to limit the allowable superdirectivity in the C = log,
solution, and we therefore adopt the pragmatic approach of
incorporating antenna loss and spatially-white noise ia thwvhere o’ is the noise variance at each load and is the
model [19]. Specifically, if themth radiating element has adeterminant. Since the last term in the determinant reptese
radiation efficiencyex ., then its associated self-impedancéeceived SNR, comparison with (13) indicates that
ZAmm Can be_ modified to have_ re_sistandTéA,,mn = H— RlL/2YHO. (15)
R, mm/ea m. Similarly, the open-circuit covariance matrix
should contain the spatially-white noise generated by tfAdis formulation allows us to express the average power
antenna loss. For simplicity, we assume that the ratio of theceived in the loads &, = E {p..} = Tr [HKH|. For all

Pr

HH
MU?]

I+

(14)
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computational examples, we present the ergodic capéctity

computed as an average over 250 random channel realizati
normalized by the average capadaity for single transmit and MCM o OO O O
receive antennas in the same environment. Q: ,,9‘9“‘ - —passive
o [/ 4o |=-— Active: Uniform
B. Channel Matrix and Spatial Covariance o’?éo dB SNR o Qﬁtr';,/:}ifg %ptimum
To construct the channel matrix for the simulations, we fir: 5 ’
realize anM x M matrix H,, whose entries are independen MCM o _O_O_O.OHOW
zero-mean unit-variance complex Gaussian random vasabl ﬂ)o‘“o’
Using our assumption of uncorrelated transmit signalsroadi g‘” 1l -o-O"?'?’
in Section IlI-A and assuming that the signals at the recei ©° /’
array have the covariance given by (9), we can use the we e
known Kronecker model for the covariance to wrig, = 0dB SNR ‘ ‘ ‘
K&/*H,,. This model is known to have deficiencies for smal 0 0.1 0.2 03 0.4 05
element separation or large arrays [20], but since our goal . Element Spacing (wavelengths)
to compare theelative performance of different terminations,
its use here is reasonable. Fig. 3. Normalized average capacity as a function of elememtisg for a

P . PAS described by a single Laplacian cluster arriving on aéeonent array
The normalization used fdf must preserve the impact 0fat broadside for different matching conditions and two défe SNR levels.

element spacing and load impedance on the capacity. To ac-
complish this, we first construdl in (15) assuming an infinite

antenna separatiorZ, is diagonal) and witt, = Z7. We  arrays of half-wavelength dipole antennas oriented in the
then normalizet,, (or K,) so that the Frobenius norm &1 gjrection as shown in Fig. 1, so that these PAS functions
is |[H||» = M, meaning thaPr /o is the single-input single- represent the average power in th@olarization.
output (SISO) SNR as detailed in [16]. We finally construct | gj| of the cases considered, we first compute the ter-
H for different terminationsZ, using this normalized version minations for each of the closed-form techniques (match
of H, with an antenna efficiency afs,, = 0.97. to the active impedance for the PAS, match to the passive
In evaluating the performance of MIMO systems, it is alspnpedance, etc.). We then choose the termination achieving
useful to understand the correlation structure of the $8gngnhe |argest average capacity, as a seed for a numerical
across the loads. Given our formulation for the capacity agghtimization whose goal is to find the uncoupled termination
channel matrix, this signal is;, = Hir such that (13) that maximizes this average capacity. Since, however, the
becomesp, = sis;. Since the structure of, leads 10 capacity as a function of the terminations has local maxima,
E{H,H[} = MK,, the covariance of, is given as we generate 250 different starting points by randomly vagyi
" the real and imaginary parts of the seed termination uniform
E {SLSIL} - MR1L/2YK0YTR(LU2)T' (16)  over a range oEtg%%Y Igor each of these starting pointisf%)we
K. complete a Nelder-Mead simplex optimization that deteasin
the termination achieving the local maximum average cépaci
represent the commonly-used correlation coefficients &etw Be_cause each of these Ioc_:al T“""Xim? pptentially represents a
antennas. However, for this study, we instead use the eﬂcj;em?mum(.e value ofC:, the termlr?at}on _achlevmg the largest value
ues of this covariance, as this directly translates thestation of C. is selected as the optimization outcome.
into the average power for each of the communication modes.

This can be explicitly seen in the upper bound on the ergodi; Two-Element Dipole Array
capacity that is computed as [16]

The properly-normalized off-diagonal elements of this nixat

As a starting point in our analysis, we assume a linear array
M Py of two half-wave dipole antennas at the receiver. The open-
(1 + )\m> ) (17) circuit radiation patterns are assumed to be identical & th
isolated dipole element patterns computed using the simple
where \,, is themth eigenvalue oK. formula in [22]. The impedance matrix is also computed using
the closed-form expressions in [22]. While this antenna-char
acterization approach is approximate, it provides maximum
flexibility in sweeping antenna parameters and therefdosval
In the computations, the PAS is described by a truncated to explore basic behaviors before adding the complexity
Gaussian function in elevation centered at 90° and with an associated with numerical antenna characterization.
angle spread of(0°. The distribution in azimuth is described Figure 3 plots the capacity as a function of the element
either as a constant (uniform distribution) or as a singlstelr  spacing for the Laplacian PAS at= 90° (broadside) using
represented by a truncated Laplacian function with an andhee different terminations and for two different values bé t
spread of40° and centered at the angte = ¢. These PAS SISO SNR. The performance for a perfect MCM is shown
functions are computed using the methods in [21]. We u$ar comparison. Figure 4 plots the same results when the

C. Smulation Scenarios
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Fig. 4. Normalized average capacity as a function of elemeatisg for a Fig. 5. Normalized eigenvalues of the covariaii€e as a function of element
PAS described by a single Laplacian cluster arriving on adé¥eonent array spacing for a PAS described by a single Laplacian clustériagron a two-
at endfire for different matching conditions and two diffar&NR levels. element array at endfire and for SNR = 20 dB.

Laplacian PAS is centered at = 0° (endfire). Despite cOmmunication mode to the exploitation of multiple modes.
the simplicity of these simulations, they teach some cledpe power delivered to the loads for this scenario is shown in
principles. For example, when the SNR is low, the termimatid™ig. 6, with a behavior that reinforces these concepts.
obtained by actively matching to the incident PAS is optimal The superiority of the passive impedance match for high
In this scenario, only one of the two possible communicatiopNR is consistent with recent work demonstrating that this
modes can be efficiently used for MIMO communicationnatch maximizes the upper bound on the capacity when the
and therefore the termination that matches to the incidePlNR is large enough to satis®r\,,/o; > 1 in each term
PAS functions as a beamformer that enhances the qualitydfthe capacity expression of (17) [16]. When interpreting
the dominant mode. The benefit of this beamforming is le§3e results in Figs. 3 and 4, it is important to recognize that
pronounced for broadside excitation, since in this case &WYen when the SNR is 20 dB, the second eigenvalue for small
solutions consist of identical terminations on the two antes €lement spacing is so weak that this high-SNR approximation
due to the problem symmetry, and therefore the active matéfes not apply, which explains why the passive impedance
offers little benefit over other terminations. match does not maximize capacity in this regime.

When the SNR is high, matching to the active impedanceFigure 6 also shows the level of supergain, as measured
maximizes the capacity when the element spacing is smddy. the effective@)-factor, for the different terminations. These
Here, the high signal correlation creates a scenario whéfsults reveal that the terminations produced by MCM, nu-
only one mode is useful, and therefore the terminationgedu Merical optimization, and active matching to the PAS yield
beamforming enhances the communication. As the eleméglatively large effectivel-factors for small element separa-
separation increases, however, it becomes beneficial l-eqion, consistent with their nature as beamformers. _
ize the two modes rather than enhance one mode at the expend¥e have also characterized the array and the corresponding
of the other. The termination resulting from matching to thiéference of isolated antennas numerically using the ndetho
passive impedance does not attempt to beamform for the PR@Ments (MoM) implementation of [23] for half-wave dipoles
and therefore better accomplishes this mode equalization. Of diameterA/400. We find that the results and therefore

The relationship between beamforming gain and capacﬁ#” analysis closely match what we have observed using the
is reinforced by examining the eigenvalues of the covagan€losed-form antenna characteristics. As one example, Fig.
K.. Figure 5 plots these two eigenvalues, normalized Shows the capacity for two SNR levels as a function of element
that the maximum value is unity, for the case of the PAgPacing when the PAS is uniform in azimuth. In this case,
arriving at ¢ = 0° (endfire) and for an SNR of 20 dB. not surprisingly, the behavior for the termination for weti
These results clearly show that the active match to the pAwtching to the PAS matches that obtained for the terminatio
maximizes the dominant eigenvalue at the expense of the, ot{@F active matching to a spherically uniform PAS, since the t
reinforcing its nature as a beamformer. The eigenvalues fofS structures are the same in azimuth. This indicates dhat f
the numerically optimized termination mirror this behavior @ dipole array in this orientation, the resulting termioatis
small element separation but then abruptly jump to becorfRlatively insensitive to the elevation structure of theSPA
more equalized as the spacing increases. Despite thistabrup
change in eigenvalues, the capacity of the optimized soiutiE- Three-Element Dipole Arrays
is smooth, showing that this change represents a transitiorfFig. 8 plots the capacity for a SISO SNR of 0 dB for linear
from the optimality of beamforming enhancement of a singkend triangular arrays of three dipoles, again charactrize
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Fig. 6. Effective Q-factor and average power delivered to the loads asFig. 7. Normalized average capacity as a function of elememtisg for a
function of element spacing for a PAS described by a singlddcigmn cluster uniform PAS for different matching conditions and two difet SNR levels
arriving on a two-element array at endfire and for SNR = 20 dB. with the elements characterized using MoM.

using the MoM, as shown in the figure inset. The PAS is & Matching |mplementation

single Laplacian cluster @t = 0° (endfire to the linear array),

and only key curves are plotted to simplify the discussion. | The challenge of identifying an uncoupled termination that
this case, the |arger array aperture perpendicu|ar to tistanl achieves minimum receiver noise figure is that it is based on
for the triangular array enables a higher overall capagibjle @ theory of optimallymismatching the antennas to the front-
the beamforming enabled by the active PAS match provide§®@d amplifiers. In this case, rather than use the simplevecei

larger relative benefit for the linear array than the tridagu model of Fig. 2(a), we introduce a matching network between
array for moderate element separation. the antennas and amplifiers using the model and theory derive

in [4]. For the sake of conciseness, this analysis will not

be repeated here, and we only indicate that the goal of the
F. Applicability to other Antennas matching network is to transform the antenna impedance such
that it appears to the amplifiers as the optimal noise figure

. rmination with diagonal impedance mati#,,.. Naturally,
late unc;oupled matching netwprks for other coupled anten precise condition is only satisfied either for a specific
topologies. .However, we can directly use the results ptesleninCident field or for a coupled matching network.
here to estimate what might occur for other antennas. What _. . . ; . .
complicates such a comparison is that the capacity depends oG'Ven the different matching techniques outlined in Sec-

the correlation, which is a function of the multipath struret tion ll, the challenge is to determine the mechanism for

and the antenna spacing, as well as the quality of the matg@ﬁ::mnt?]etheoa?h;r?iﬁﬁ:;;s ngﬁséhg LT:tclr:nt%enf:;]Vg; (t)c;
Fortunately, this information is contained in the eigenesl g gure.

of the covariance matrix. Therefore, if one can find a dipofge theory presented in [4], we have found that the following

spacing for which the eigenvalues in Fig. 5 are similar testho >IUENCe of steps produces reasonable results:
of the target antenna, then using the capacity from Fig. 41) Use the theory outlined in Section Il to design the load
corresponding to the selected spacing will give an estimate Z; that achieves maximum power transfer.
of the capacity for the MIMO system using the target array. 2) Given this load, assume that the active impedance seen
looking into the antenna terminals %,.; = Z7 .
3) Using the theory in [4], design the uncoupled matching

IV. MATCHING FORNOISE FIGURE network that transforms this uncoupled antenna active
impedance t&,;. Note that, since the theory in [4] uses
the S-parameter representati@dn., must be converted to
a diagonal reflection coefficient for this computation.

The framework presented here can be used to for

The discussion on matching to maximize power transfer has
provided valuable insights into the behavior of differerattom-
ing topologies. However, this discussion would be incom-
plete without considering impedance matching for prattic@his approach works for the active impedance matching tech-
receivers where the front-end amplifiers represent a domhinaiques as well as the passive impedance match. However,
noise source. In this situation, some amplifier noise is lip rather than use this approach for the active impedance match
between ports due to the antenna coupling, and the matchasguming a uniform PAS, we instead use the theory in [6] that
between the antennas and the amplifiers directly contres thresents a similar solution achieving the goal of minimum
front-end noise figure and system capacity. noise figure for the uniform PAS.
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) ) . : . Fig. 9. Normalized average capacity as a function of elememtisg for a
Fig. 8. Normalized average capacity as a function of elememtisp for a  pag gescribed by a single Laplacian cluster arriving on aévement array

PAS described by a single Laplacian cluster arrivingat 0° on linear and 5t proadside for different matching conditions and two défeé SNR levels
triangular three-element arrays characterized using MoVSR = 0 dB. with the elements characterized using MoM.

B. Example Computation important to recognize that this case of high coupling amd lo

. . . SNR is impractical for most realistic communication scévsar
Computations performed using this theory generally demon-

strate that the basic observations and conclusions made in

connection with the results presented in Section Ill apply t V. CONCLUSIONS

the case of optimal noise matching. As an example, considerThis paper uses a common framework to develop and
again the two-element dipole array with the Laplacian elustanalyze uncoupled impedance matching for coupled array
arriving at array broadside and the elements characteriZtennas. Specifically, it discusses matching to the array

using MoM. The transistors forming the amplifiers have noigctive impedance for deterministic and stochasticallgeffed
parametersR, = 3.5Q, Z, = 509, Fmn = 2.5 dB, €lectromagnetic fields, and shows that such active matdhing

Tope = 0.4752166° (optimal reflection coefficient), and aneffect creates a beamformer that maximizes received pdiver.
input impedance o602 (see [4] for a detailed discussion or@lso discusses a previously-proposed technique for nmagchi
how these are used in the design and simulations). to the antenna passive impedance, also referred to as input
Figure 9 plots the capacity resulting from this analysis fdfPedance matching, known to be optimal in certain circum-
two different values of SISO SNR, where the “Minimunstances. Simulation results of MIMO capacity using differe
Noise” match is that obtained from [6]. As can be seen, undefopagation environments demonstrate that for low SNR or
this procedure, the conclusions for high SNR are similar {§9h coupling, active matching outperforms passive match-
those obtained during the analysis of matching for maximufdd due to the associated beamforming gains. However, for
power transfer. Specifically, when the SNR is high, matchifgoderate coupling or high SNR, passive impedance matching
to the active impedance (including the solution from [6hde €nables better use of the multiple communication modes. The
to optimal performance only for high coupling, while matofi discussion concludes by demonstrating the applicatiomef t

to the passive impedance is optimal elsewhere. matching techniques for minimizing the system noise figure.
However, when the SNR is low, the numerically optimum
solution outperforms all other uncoupled solutions forhhig REFERENCES
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