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Optimum Design of Feed Structures for High
G /T Passive and Active Antenna Arrays

Simsek Demir and Canan Toker

Abstract—n this work, noise analysis of parallel feed structures Feed network design is an important part of a printed antenna
is presented. Signal and noise behavior of the feed structures grray design. There are some standard forms of such structures

are signified by the newly introduced concepts of “coherent” and 501122, Also, some specific studies on these structures such
“incoherent” impedance match of power-combining structures. '

It is also shown that a feed structure can be redesigned for low- as rgdia_ltion loss of f?ed structures, specific feed typ.es, and
noise operation without affecting the radiation characteristics. application of Thevenin theorem to feed network design are
Optimum design of parallel feed structures for low-noise opera- present in the literature [23]—-[25]. However, noise analysis and

tion is explained. Also an optimum use of active elements in such general guide lines for low-noise design of feed structures do
structures is investigated to have a low overall noise temperature not appear in the literature

of the antenna array with minimum number of active elements. . _
In the analysis, a new method is introduced where a “noise- RECEIVe antenna arrays are power combining structures

equivalent line length” (NELL) is defined. This definition, which and their design for certain radiation characteristics is re-
unifies the contribution of noise from different array elements, is lated to the case where all elements receive coherent signal.
used in thle design of a parallel feed structure and as an active Feed structure designs in the literature are mainly concerned
cireuit replacement criteria in passive arrays. with impedance matching for coherent excitation. However,

Index Terms—Antenna arrays, feeds. impedance matching for coherent excitation does not imply the
incoherent impedance matching, which is the case where the
l. INTRODUGTION signals combined in the structure are incoherent. The response

. . i __of a combiner (such as a feed network) to excitations from
N OISE performance is an important figure of merit fofycoherent sources such as thermal noise of the lines is totally
receive antennas. Noise calculations for receive armaygerent and such a concept was not considered previously.
date back to the 1960’s where antenna arrays were investigaieghethod called “active element approach” similiarly uses
for better signal-to-noise ratios [1]-[5]. In recent years, thegcitation of a single element [26], but this is intended for
is an intensive research on active antenna structures for baflyyal coupling analysis among antenna elements in the array.
transmit and receive operations [6]-[13]. Some special studias,r work, incoherent matching of the line segments in a feed
for noise performance evaluation and measurement were al§Qcture is introduced for the first time. Moreover, for receive
carried out [14]-[15]. However, in these analysis, noise ol enna arrays it is difficult to measure the noise temperature of
tribution of feed lines was not specifically taken into accounfye array [14]-[15]. Therefore, reliable theoretical prediction
Noise analysis and noise performance evaluation of an antegy \timate importance for noise characterization of these
array is not complete without assessment of noise contributign, ,~t,res.
from its feed structure, particularly for large arrays. _ _ Antenna array feed structures are mainly of two types:
I__arge antenna arrays are <_:ommon_|y ‘?ased on printed 015' parallel (parallel feed and corporate feed) and 2) series
cuit technology, which has wide application areas [16]_[1811>tructures. A parallel feed structure is, indeed, a system of

There is extensive theoretical and practical work about th Ewer combiners: the received power by individual antenna
structures and the facts are well understood but still, yelenents in the array are sequentially combined in an order
intensive research is going on. W|thogt |°§S of genera}llty, trﬂ)‘?ior to the output of the array. As a general definition, feed
ar!ten(rjla arra)_/rr?xamples,d explained |fn th'ﬁ paper, will be Qlfructures are used to combine the received power of antenna
printed type. The main advantages of such antennas are €gay,ants of an antenna array with predetermined combination

integration W|.th qcuve. devices, low cost, low profile, ﬂex'bl%oefﬁcients, as in the case of a tapered feed structure, for
structure, which is suitable for conformal surfaces, and large

) low sidelobe level array. Signal combination is based on

variety of antenna element types. On the other hand, du.ecttﬂﬁerent operation. There is a strong correlation in the noise

YeReived by antenna elements from space; therefore, space

Utfoise can be treated as a signal coming from outside the

razlaf?itenna and signal-to-noise ratio calculations can be carried
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ture is designed by adjusting the lengths and characteristiod, thereforeZ;,. remains practically real. The source and
impedances of these line segments. load reflection coefficients are defined with respect to the

Sources of the noise at the output of a receive array arearacteristic impedance of the line
the space noise, antenna element noise, and the feed structure Zy — Ziine

noise. In active arrays, noise contribution of active circuits Py=—>——— (1)
within the structure should also be considered. Our analysis Zyg + Ziine
is concerned with the thermal noise generated by the feed r; = 21 — Ziine )
lines and noise contribution of the active elements with special Zr, + Ziine
emphasis on noise performance of the feed structure. The loss factorl, is defined as

In practice, line segments in a feed structure are lossy.
A lossy line generates thermal noise which is uncorrelated L = e, 3)

with other noise sources in the system. Therefore, unlike S _

space noise, noise generated inside the antenna structurblqi$e powerr’, of a lossy transmission line delivered to the
incoherent. Noise generated by a line segment is delivered®8d is given in [27, eq. (5.60)] as

the receive port through the feed structure and superposed at 1|02

the output with other noise signals to yield the overall noisd’ = kTAf|1 CToT e PL
power. Response of an antenna array to the internal noise Lte 4
signals is different than its response to received signal. We (4)

will focus on coherent and incoherent operation of the arrgyhere~ = o + j3 is the propagation constant and hdrds
structure where coherent operation corresponds to receivingdined as in (‘3)_

signal and incoherent operation stands for response to internatnhe available noise power is essential for evaluating the
noise. o ___noise performance. In the following lines, available noise
In Section Il, a new concept which is termed as “noisgsower of a low-loss line is formulated. The output impedance

equivalent line length” (NELL) is defined whereby noisgys g transmission line with a source reflection coefficient of
contributions from different parts of a feed structure can Qe g

identified by a single parameter. This parameter, i.e., “NELL"
is in dimensions of physical length and, hence, provides a
suitable means of comparison of noise contributions from
different sections of the feed structure. In Section Ill, analysis ) ) .
of double section quarter-wave-line impedance transformer@® conjugately matched load impedarig is Zg,.., thus

(L= Dg/L =1+ |Ty[*)

1+ Fge_w

Zout = Zline m .

()

is presented and NELL of such a transformer is given. The Z* . — Zhine
characteristic impedances of the quarter-wave-line segments Iy = T L7 . + Ziine
which yield optimum noise performance are also given. In o o o

: : . : : 142t 1427t
Section IV, noise analysis of unequal power combiners is S e L
given. Following this analysis, “weighted NELL" and its ap- 1—Tge 27 1—Tye 2

plication in calculation of NELL of combiners are introduced. — o2l (6)
In Section V, a situation where active circuits are placed in g

the feed structure is considered and noise performance Sabstituting this definition of , in (4), available noise power
such a feed structure is formulated. An optimum placemest a low-loss transmission line is obtained as
criteria of active circuits, corresponding to the minimum L—|T,2/L— 1+,
use of active elements for low-noise operation is derived. P, available = KTAf g 5 g @)
Examples are given in Section VI demonstrating the use of (1—|Ty/LIF)L

formulations given in previous sections to evaluate the overal,zilable noise power of a low-loss transmission line is a
noise performance of a 4« 8 corporate fed patch antenngynction of source mismatch and loss factor. This power
array and 2xn parallel arm feed structure. An examplencreases with increasing magnitude of source reflection co-

which demonstrates the improvement in noise performanggicient which is clearly seen in the following arrangement
for various placement points of active circuits in a £616 of (7):

array is given.

L—-1 1+L
Pn,available = kTAfT <1 + W) . (8)

Il. NOISEEEQUIVALENT LINE LENGTH . . .
As |I',| increases, the denominator of the second term in the

As stated above, the main disadvantage of the feed linesignmation decreases, hence, the summation itself increases:

the loss associated with them which is a thermal noise sourgey s available noise power increases with increasing source
Characteristic impedance of the lidx., attenuation per unit mismatch. The upper limit of this available power is found

length of the lineq«, length of the linel, and the ambient by substituting the upper limit off',|, i.e., |I'y| = 1, into the
temperaturel” determine the generated noise power [27].  ghove equation

The attenuation factor of the line introduces an imaginary
part to the Zu,. but it is assumed that line is low loss Py available,max = KTAf. 9
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This result means that in the limit of mismatch, a lownew
loss transmission line introduces an available noise powes
equal to the available noise power of a resistor. Therefore,
incoherent impedance matching of the feed structure is of : _ _ :
ultimate importance from point of view of noise generation, & .................. ..................

The above noise analysis is used toward the definition of : : : :
a NELL which simplifies the noise performance evaluation ; ; ; :
of the feed structures considerably. In doing so, the nois&h .................... ................... ..................
contribution from each element of a feed structure to the : ’ : :
output noise power is expressed in terms of a single parametef
which explicitly puts the strength of the contribution relative to */
the theoretical minimum. Simple addition of these equivalent
line lengths yields the overall noise performance of the feed
structure. Moreover, this uncomplicated parameter is used &5
a replacement criteria of active circuits in an antenna array for
the optimum noise performance as explained in Section V. : : : :

Let L be the loss factor of the line under investigation which % 02 04 06 08 1T
has a source reflection coefficidnf and a loss coefficient. Fig. 1. variation of NELL with the source-reflection coefficient, normalized
Its available noise poweFiy,e is given by (7). Letl,q, be with its physical line length.
the loss factor of a line that has a line length,,, and has the

same loss coefficient. Furthermore, let this line be impedanceﬁnes connected in cascade. g}, ; andleq, » be the NELL's
matched at its source side so that its available noise power S cse two transmission lines ‘ad iqgndL , be the
av, eqyv,

given by corresponding noise-equivalent loss factors. Available noise
Lyeqv — 1 owers generated by these two lines will be given b
Pugy = KTAf=Z2E—=, o) P 9 y i 1 given by
neqv _
. eqv,l
Now, we can make the two lines “equivalent” as far as their P =kTAS Legv 1
available noise powers are concerned. By equafifig. to Loqwo—1 (14)
i i Py =kTAf—= —,
P.qv, the loss factor of the equivalent line turns out to be 2 Leqv2
2 2
Lyeqy : : L7 — |1y ~. 11) The noise power generated by the first line will be attenuated
(L2 = Tg[?) = (L = (L + [Ig]?) through the second line and the total available noise power of
Consequently, NELL,,., of the line turns out to be the cascaded lines will be obtained by
1 L2 —|T,[? !
lneqv = —1In | g| . (12) Ptotal = I + P2
2\ (L2 = [[y[?) = (L = (L + |y |?) eav,2
Notice that in this equation the equivalent line is also assumed = kTAf( Leqva =1 + Leav2 = 1)
to have the same attenuation coefficiantEquations (11) and Leqv,1 + Leqv,2 Leqv,2
(12) in the form above will be used toward the definition of _ kTAthotal - 1_ (15)
a weighted equivalent line length, however, they can also be Liotal
arranged as The noise-equivalent loss for the cascaded lides;. is
I 2 — |1“g|2 obtained as follows:
ey L(l - |Fg|2) Ltotal -1 Leqv,l -1 Leqv,? -1
5 5 (13) = +
I 1 Ls— |Fg| Ltotal Leqv,l : Leqv,? Leqv,?
n,eqv = ——1n T4 T 1oy -
e 2 L(l — |Fg|2) _ Leqv,l -1 + Leqv,l(Leqv,Q - 1)
Using the equivalent line length, output noise temperature Leqv,1 * Leqv2 Leqv,1 + Leqv,2
can be obtained through (10). Notice that noise-equivalent — Leqv,1  Leqv,2 — 1_ (16)
length of a mismatched line is longer than its physical length, Leqv,1  Leqv,2

where minimum noise-equivalent length which correspon@ﬁ]at is
to matched case is equal to its physical length. Without
comparing the actual noise temperatures, one can deduce the Liotal = Leqv,1 - Leqv,2 (7)
effect of mismatch on noise generation by comparing the noise
equivalent and physical lengths. In Fig. 1, NELL of a lin@nd @lso
normalized with its physical length is given as a function of
the source-reflection coefficient.

The potential of the NELL is its ease of use in noise calcln conclusion, the overall NELL of cascaded line sections is
lation of line type structures. Let us consider two transmissigiven by addition of NELL'’s of the individual line sections.

liotal = leqv,l + leqv,2- (18)
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Fig. 2. Schematic representation of a double section quarter-wave-line
impedance transformer. 1

[Il. NOISE ANALYSIS OF QUARTER-WAVE-LINE :
IMPEDANCE TRANSFORMERS Ap

The power combination weights in a combiner are pro-i}
portional to the impedances of the combining arms at the : :
junction point of the arms. Therefore, impedance transform@?[ =5/ i : : : _
tion should be introduced to realize a tapered feed structurg, ; ; ; ; - ; ; ?
If no impedance transforming structures are used, the array’ 03 ! 15 2 25 8 35 4
will be a uniform fed array. Impedance transformation migitig. 3. Characteristic impedance of the line segments of a double section
be introduced at the branches connecting antenna elemdiHpster-wave-line impedance transformer normalized with source impedance

. . a? a function of impedance transformation ragfa
to the parallel arm or, in general, on the line segments 0
the parallel arm, between connection points of two successive
elements. Quarter-wave-line segments are most suitable Tdwe total noise power delivered to the load by the lossy quarter

this impedance transformation. wave transmission lines is
Quarter-wave-line impedance transformers are generally
used as double section transformers. For these structures, ratios Protal = =2 + Py, (21)

of characteristic impedances of consecutive line sections are Ls
important but the characteristic impedances of the individughis total noise power is a function of:. In order to

transmission line sections are not important for the transfqginimize this noise power an optimuth can be chosen and

mation operation. On the other hand, as explained aboygen 7, can be adjusted to satisfy the required impedance
characteristic impedance of a line section is effective in thgynsformation; that isZ; is chosen such that

noise contribution of that line section. In the following section,

first, noise contribution of a double section quarter-wave- OProtal

. R : =0. (22)
line transformer is given and then, the method to determine YA

the characteristic impedance of the lines for optimum noise o . L
performance is explained. The characteristic impedancg;, which satisfies the above

In Fig. 2, a double section quarter-wave-line transformer guation can be represented by the following approximation

shown.Z, and Z, stand for the characteristic impedances dP" 10w-loss line segments:

the two line segments. Thus, the impedance transformation ) . 2124 1/2

ratio ¢* is (Z»/Z1)?. Attenuation factora is not a strong <(q— D* 4+ (g = D* +4¢°) ) <7, (23)
function of the line width, i.e., of the characteristic impedance; 2¢2 g
therefore, for the sake of simplicity and without loss of

generality, the two consecutive line sections are assumedy @ source impedance of 3¢, variation of optimumz,
have the same attenuation factor. as defined in the above equation with respect to impedance

For the first-line section source, impedanceds = Z, transformation ratio is shown in Fig. 3. NELL of double sec-

this line section generates an available noise paferand tion quarter-wave-line impedance transformers as a function
: il

delivers it to the load impedance. The impedance transfornfr 21 for various values of¢” is given in Fig. 4, where

structure is designed to be a matched structure, therefore, #fe €duivalent length is normalized with the physical length.

delivered power is equal to the available power. The availabld® Minima of the curves on these graphs correspond to the
noise power of the first line section is optimum noise performance of the transformer for a given

) ) impedance transformation ratig .
P = kTAS <1 L%, - Z21) —Q(Zg + Z1) 2)) 19)  Substituting (23) into (19) and (20) and using (12), NELL
(Zg— 21)* = LA (Zy + Z1) is obtained as

For the second line section source, impedanc& s = g_f ! _ iln 1 (24)
and this line section generates an available noise pdwer meE T 90 T\ 1 — Proga/KTAS )

and delivers it to the load impedance o ) o
The variation of normalized NELL with impedance transfor-

2 2
P,, = kTAf <1 — L((Zy — 921)" = (Zg +aZ1) )>_ 20) mation ratiog? for the optimum value ofZ; as determined
(Zg — q21)* = L?(Zy + qZ1)° by (23), is given in Fig. 5.
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Fig. 6. Schematic representation of an unequal transmission line power
combiner.

z
1 150 . . . .
0 % % where combined power is delivered to a load impedance of

Fig. 4. NELL of double section impedance transformers normalized witly, ..
]Eir:gtlrlf)nhg/sslgglnulgﬁt'lengths as a function of the characteristic impedance of theWith these impedances the system is matched for coherent
excitation from the arms and power combination ratio is
1 : p?, i.e., one arm’s contribution is/(1+ p*) and the other
NELL arm’s contribution ig? /(1 +p?) to the output power, wherne

2 : : : : ! is a positive real number. Fgr= 1 this structure corresponds
18- to an equal power combiner. In even mode excitation, i.e.,
sl coherent excitation, no power is reflected back from the input

ports, i.e., input ports are matched. Sum of the available power
141 of two sources is equal to the output power. In odd-mode
12k excitation, all the power is reflected back from the input ports
: : : : : : . and no power is coupled to the output port.

e o e Excitation from a single port is constructed by superposing

P I e S B s FERE OO the input sources of the even and odd mode excitations with

: , , » : : - a proper ratio. The power combiner is matched for coherent
06" ............ S \ ............ e AN ...........

: excitation, i.e., excitation from both ports, but it is not matched
04h o R S SR R P S for excitation from a single port, i.e., incoherent excitation. The
: : power levels at the ports for such an excitation are as follows:
0_2_...“_._‘.,: ............ ............ -, ............ ............ -»» ............
: z : : ; ; ; 14 2p?
00 015 ; 1f5 é 2?5 é 315 4q2 -Pin fromport2 — mpavailable
Fig. 5. NELL of a double section quarter-wave-line impedance transformer p4
normalized with its physical line length as a function of impedance transfor- Prefiected from port2 = ﬁpavailable
mation ratiog?, where optimum characteristic impedance line segments are ( +p ) (26)
used. p?
Pcoupled toport3 — mpavailable
1+p?
IV. UNEQUAL POWER COMBINER AND Pielivered toport 1 = mpavailable

NOISE-EQUIVALENT LINE LENGTH

In this section, analysis of unequal power combinefdSing p and 1/p alternatively in the above equations, the
with special emphasis on noise response is introduced. TRSUItS for the two different arms of the same unequal power
schematics of an unequal power combiner is shown in Fig. @MPiner can be obtained.

A detailed power combination analysis of such a structure isConsequences
given in [28]. The power combination ratio is determined by 1) Notice that equal excitation of an unequal combiner

the impedance of the combining arms seen by the combiner does not correspond to even mode excitation. When
at the junction point. In order to have a power combination the two arms of the combiner are excited with equal
ratio of 1 : p2, impedances seen at the junction points should amplitude coherent sources, some power is reflected
be adjusted to back from the input ports and the power delivered

to the output port is a proportional combination of
the two sources, which is seen from simultaneous
interpretation of even- and odd-mode excitations.
This case corresponds to receiving signal by an-

Zarmz = (1 +p2)Z10ad
1+p? (25)
= —2pZ10ad

arilg —
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tenna elements. The antenna elements are identicaBy this definition weighted equivalent length of each line
and the incident signal wave is uniform. Thereforesegment in a structure can be calculated. These weighted
the induced open-circuit voltages on the antenrequivalent lengths explicitly give the strength of each noise
elements are equal in magnitude. In a tapered fesdurce in the structure, which enables the designer to see
antenna array, some part of the incident powehe relatively noisy parts of the feed structure. Summation
reflects back from the unequal combiner inputgf weighted equivalent line lengths gives the overall NELL.
whereas in a uniform fed array all the received power In view of (27), if the power inputs to the input arms are
is transferred to the output port. This means that withqual to each other, i.& ailable,1 = FPavailable,2 = Lavailable:

the same number of antenna elements, i.e., with tkigen output power is equal to the input power from one of the
same aperture, a uniform fed array receives moineput ports

power. This explains the reduced aperture efficiency

in tapered feeds. Fo = Pavaitable- (30)

2) When only one arm of the combiner is excitedrhis means that noise-equivalent line of the combiner is the
delivered power to the output port is equal to thgne on one of the input arms when the two input arms of the

power combination ratio of that arm times the availcombiner are identical regardless of the combination weights
able power of the source, as seen from (26). This

case corresponds to the response of the combiner to leombiner = linput arm- (31)

. incoherent sources such as noise. ) ‘When the incoming noise powers are not equal to each other,
Noise power at the output port of the combiner due to noi$ge NELL of the combiner can be approximated using (12)

signals at the input ports can be expressed as and (27) as follows:
PO = Pl + P2 lcombiner ~ Wy - larm,l + wo - larm,?- (32)
= w1 Payai + w2 Pavai 27 . .
14 available, L 7 2 Favailable,2 @7) This approximation is valid within about 10% error for noise
wherew, = (lleTPfQ andw, = (£ Notice thatw, +w, = (e€mperatures less than 20K for any combination ratio.
1. In other words, output power is a weighted sum of thjote that highest noise temperature for a passive structure
input noise powers. is the ambient temperature, i.e., 298, which corresponds

Let us consider a line connected to one of the input poﬂé a resistor and for low-loss transmission |ineS; this ﬁgure is
of a combiner. Depending on its source impedance incoher&tially very much less than 20K.
match conditions, it will have a NELL. Moreover, due to the Outputimpedance of a parallel fed antenna array decreases
weighting of the arms it will have another NELL seen fromf@pidly with the increasing number of parallel connected
the output port of the combiner. In this way, the equivale@tenna elements, which makes it difficult to attain impedance
line whose available noise power is equivalent to the noigeatch for coherent and incoherent operation. This situation
power contribution of the line to the output of the combiner i Prevented by implementing impedance transformers at the
defined as the weighted noise-equivalent line length (WELL§ONNection points of subarrays. In a corporate feed the number

The equivalent noise power is obtained by of these connection points is maximum because the number of
antenna elements in the subarrays is the minimum, i.e., two.
Pout tine = W+ Pline (28)  Therefore, coherent and incoherent matching can be achieved

wherew is the weight of the combining arm. more easily in a corporate feed structure.

As stated previously, a feed structure is basically a powerwe'ghted noise-equivalent line length formulation is applied

combiner structure whose inputs are the antenna elements.t(}&sa N~ = 2" element uniform corporate fed microstrip

in a two arm combiner, each input arm, i.e., each antenheactangular patch antenna array which is incoherent impedance
e o & < specific,weight Uhich is1 o.le;ermined by iggatched. Following is the approximate NELL for this structure

excitation coefficient. There may be several levels of subarra sed on (16) and (32).

in an antenna array structure. Each level of subarrays is also a n/2

combiner structure. Therefore, overall contribution weight of liotal,n even A2 Z)\ 2kl /4

an antenna element is determined by the combined effects of k=1

the combiners in different levels. Similiarly, weight of an indi- ~ N2 2y (33)
vidual line segment in the feed structure is determined by the 4

combiners proceeding the line segment up to the output port.
Using the definition of NELL, the following expression is

obtained for the weighted noise-equivalent line length of Because of spurious radiation losses and conductor losses [25],

1 _
ltotal,n odd ™~ ltotal,nfl + 5)\ : 2(n 1)/2~

line section: realizable microstrip transmission line widths are limited. Con-
© 1 L2 —|Ty? sequently, characteristic impedances required for incoherent
Ineqv = %111((132 “ ) —w(L - 1) (L + |1“g|2)> impedance match in parallel arm structures are not always

(29) practical and incoherent mismatch is usually unavoidable.
Such a structure may have coherent impedance match but
wherew is determined as described above. because of incoherent impedance mismatch, its NELL will
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be much longer than the minimum equivalent length. A2 Total 2% elements
element uniform fed parallel arm structure has the following
approximate NELL, including incoherent mismatch: level 1
level 2
ltotal
2—1
SR < L2 — |0y f? )
~ — 1n
2 20 "\IZ = [Cgu? —w(L — (L + L ou?)
(34)
level n
where
w = 2_/% level n+1
Top Output
T, .= Zant/2k — Zine,k Fig. 7. Schematic representation of M = 2n element corporate feed
g,k N
Zont /Qk + Zhne’ & structure.

A two-level parallel arm structure has the shortest physical line
length, but because of the incoherent mismatch, the NELL
might be several times longer than the physical line length. Plignal, sys = GampPrignal, ant (35)
For a corporate feed structure, the total physical line length .

is a maximum, but because of easy integration of impedan%'%d noise 1S

Signal power at the output of the combination is

transformers, incoherent impedance can be attained and NELL Proise, sys = Gamp Puoise, ant + Pamp. noise (36)
can be kept at the minimum. The NELL is a measure to Tive = Gamp Lont + T,
) . . v amp +ant amp
determine the topology of the array for low-noise operation )
from this point of view. which yields & G/T ) passive ant greater than theG /1) active sys
(G/T)ant — Psignal ant/-Pin, ant
V. ACTIVE CIRCUIT PLACEMENT FOR LOW-NOISE OPERATION Lot
. . Gamd P';i nal ans -Pin an
Lengths of the line segments in a feed structure are de- = ! ég th/ ant
termined with phasing requirements and characteristic imped- amp-fant
ances should be chosen for the incoherent impedance match. > Gamp Pignatant/ Pin, ant
However, in some cases, incoherent impedance match might = Gamp(Tont + Tamp/Gamp)
be unattainable and noise performance might be moderate. For > (G/T)sys. (37)

a large antenna array, active circuit integration might be a h her hand. placi h lf lekeli
solution to achieve low-noise operation. In that case, NEL@n the other hand, placing such amplifiers at lekels 7

will be a design guide to determine the insertion level of ta+ 1, the array to form an active array with distributed

active devices in the feed structure. This level depends on p||f|ca(tj|on, n ri]iny case, m:cproves e/ € p(ir,f\?gmance q
noise figure and gain of the active circuit and the loss factgPmpPared to such a system o an.tenna and a gonnecte
of the line segments. to level n 4+ 1. In order to see this fact let us consider the

Formulations (33) and (34) of NELL's for different feedtWo cases given i_n Fig. 8. In this figur_e, the conqection point
structures that accept the number of antenna elements f two successive levels andk + 1 is shown with noise-
parameter, enable the designer to decide on the numbercgpivalent|engtli,qy, corresponding to levels one ioof the
elements in a subarray. In the following lines, it will be showructure shown in Fig. 7 and noise-equivalent lengily
that a level in the structure may exist such that insertion of tf§@'resSPonding to levels+1 to n. This series representation of
active device at this level will improve the noise performancgELL $ is possible because of '_[he re;ults given in Section [V
Fig. 7 shows, schematically, the levels in a corporate fettf€ (18)l- A feed structure with noise temperat(fie and
structure where active elements are placed at one of the] ci€ncyy can be partitioned into two consecutive sections
Placing active devices at level one is the best choice for lowd¥éfh Nnoise temperatures and efficiencies »,, and 7z, 7.,
noise performance at the expense of large number of actlgspectively, wherd’y =T x 1 + 15 andr; = m % 72 and
circuits, i.e.,2" active circuits. However, there will be a level!® IMProve the performance an LNA can be placed between

in the structure where noise improvement is just achieved with€S€ tWo partitions, as shown in Fig. 8(b). The noise power
decreased number of active elements generated at the output by the configuration in Fig. 8(a) (where
Usually, low-noise amplifiers (LNA) are used at the outpuf’} single amplifier is used) is given by

i.e., at leveln + 1, of the passive receive arrays to decreasepout’si]rlgle = kAf((nTs + Tina) + T5)G
the noise contribution of the proceeding stages in the receiving ETnA G

. = +ETiAfG+ KT naAfG. (38
system. However, a passive antenna and a LNA connected to RAJ G a7 TNaLS (38)
level n + 1 has a lowerG/T than the passive antenna itselfThe second case, as shown in Fig. 8(b), corresponds to the
as shown below. distributed amplification and has the following noise power at
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levels1tok A levelsk+lton

A Ty Tz T2 output
M
Tant Z ot Ineqw 1 Lnegv 2
Amplifier
Gamp Tina
(@
By Ty M2 T2 ouput

Tant

Lhegy 1 Lhegv 2

Amplifier

Gamp Tina

(b)

Fig. 9. Schematic representation of ax48 corporate feed antenna array.
The characteristic impedance of the numbered line segments are given in

Table II.

Fig. 8. Active circuit integration with antenna arrays. (a) LNA connected to

level n + 1. (b) LNA’s connected to levek + 1.
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TABLE |

u|[=|in]l=
L D]
0000

CHARACTERISTIC IMPEDANCE OF THELINE SEGMENTS IN THE
CORPORATE FEED EXAMPLE FOR ONLY COHERENT IMPEDANCE

MATCHED AND COHERENT AND INCOHERENT IMPEDANCE MATCHED
the output: .
# | Zeoh. | Zvotn || # | Zeon. | Zvoth || # | Zooh. | Zbotn || # | Zeok. | Zboth
P, st = KAS(G T T1 + TiN: T
out,dist F(Gn2(mTp + T+ Tia) + 12) 11200 | 200 | 7| 100 | 164 || 13| 100 | 105 || 19| 100 | 100
= kIBAfGn 4 KILNaAAfGn2
2| 189 | 189 || 8 | 105 | 195 || 14 | 100 | 122 || 20| 136 | 100
+ENAfGn + ETfAf. (39)
31100 | 100 |f 9 | 100 | 168 |l 15| 100 | 139 | 21| 100 | 100
The difference of the two noise-power expressions is oV ioo 1200 1iol 100 | 1as Lis ! 100 | 161 22| 136 | 100
Pt single — Pout, dist 5| 100 | 116 | 11| 100 | 132 || 17 | 100 | 100 | 23| 100 | 100
1 61105 | 138 |12 100 | 117 || 18 | 136 | 100 | 24 | 136 | 100
= kAfG(Tf — o1y — 6 + TLNA(l - 772) . (40) ° '
Sincene < 1 and Ty > Tine + T2/G, the single amplifier VI. DESIGN EXAMPLES

case creates strictly more noise power at the output. From the
signal output point of view, the two systems are equivalens, Passive Array
Therefore, noise performance is the determining factor WhenIn order to demonstrate the importance of incoherent match

comparing the two systems fo?/T' performance, which in feed structures, two microstrip rectangular patch antenna

shows that distributed amplification, in any case, has bet{aerrrays are designed for two different cases: 1) only coher-
G/T performance.

In addition, depending on, and T, distributed amplifica- ent impedance match and 2) both coherent and incoherent

tion may yield even a bette®,/ T’ compared (G /T) psive. impedance match. In both designs, microstrip lines which

. : have moderate radiation and conductor loss are used with
When comparing noise powers of these two systems, active

system’s noise power should be normalized since the sig chraracterlstm |mped_ances_ n betweer_l tb@nd 200 [25]
)(l)wer of active svstem i€ i than that of th . e patch antenna input impedance is taken as{300
P clive system 15 imes more than that 0T th€ passIve o g array is a corporate fed antenna array with%
system. Distributed amplification yields a bet#®yT than feed taper in one direction. The schematics of thisc 84
the passive case when the following equation yields a reSlﬁ? b L R .
greater than zero: antenna array is given in Fig. 9. The output |mpedan_ce of
the array is designed to be 30. The feed structure which
T, is symmetric is investigated as a combination Jof4 line
el segments. The numbering of these line segments is shown on
1 the figure. InZ..,, columns of Table I, characteristic imped-
=1 <1 - 5) —n2Tina. (1) ances of the line segments for only coherent match are given.
Data in the .., columns of the same table is obtained by
To satisfy this condition, highG and low ZI1xs values considering both coherent and incoherent match via (12), (23),
are required. This equation also implies that active circuiB2), and (29). The impedance transformers in the coherent
integration is necessary for low-efficiency systems. Using thisatch case are used for feed tapering, and in the latter, used
calculation maximum length of noise-equivalent line of théor both feed tapering and incoherent impedance match. As
second partition of the feed structure can be determined, wheesm be seen in Table |, the characteristic impedaritgs,
an active circuit with a certai¥ andZ1 x4 should be inserted obtained for optimum noise performance are quite different
for better noise performance. This point will be the optimurthan those values obtained without considering incoherent
point where the number of required LNA'’s is a minimum an@npedance match. To show the improvement, the NELL's of
the noise performance of the passive array is improved. both feed structures are calculated and normalized with the

Pout,dist

e Ty —ne(Tina +T1)

Pout,passive -
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TABLE I
NUMBER OF AMPLIFIERS TO BE CONNECTED TO16 X 16 PATCH ANTENNA
ARRAY AND THE RESULTANT OUTPUT NOISE TEMPERATURE FOR
I=x =X 1=3 1=x{2 DIFFERENT LEVELS As CONNECTION POINTS OF AMPLIFIERS

Zeh L Zch Zen | Zoh

Level 1 2 3 4 5 6 7 8 | output

# of amp. 256 | 128 | 64 32 16 8 4 2 1

Fig. 10. A 2xn parallel arm feed structure. Thovet (dB-K) 1307 | 30.9 | 31.1 | 31.7 | 32.1 | 32.9 | 33.6 | 34.7 | 356

NELL
5

calculated to be about.8\ which corresponds t&" = 101 °K
for Tom, = 290 °K.

Using microstrip matching elements and an ultra low-noise
pHEMT NEC 32 484A, a low-noise amplifier is designed. The
noise figure of the amplifier is 0.6 dB and the gain is 14 dB.
It is assumed and shown that appropriate matching circuits
whose total physical length will be abof2 can be designed
independent of wherever the amplifier is inserted in the feed
structure [29]. In the case, where this amplifier is connected
to the output of the 16< 16 passive array, noise temperature
at the output of the amplifier turns out to ie= 35.6 dB K.
Using weighted equivalent line length method and the results
of Section V, the noise temperatures corresponding to different
amplifier placement levels are calculated and presented in

;3 Table ll. The improvement of noise performance with the
added number of amplifiers is clearly seen from this table.

Fig. 11. Variation of normalized NELL of a X n parallel arm antenna Moreover, without considering the directive gaﬁi/T of
array as a function of characteristic impedance of the parallel arm for Varioﬂfe passive antenna is

P SRR S S sy ]

155 AN b T e T ]

1 i i i i ;

1
0 0.1 0.2 0.3 0.4 05 0.6 0.7

values ofn.
(G/T)passive = Narray — 1010g(101)

completely incoherent impedance matched situation & Narray — 20. (43)
lneqv,case1 = 2-13lmatched For the active array, without considering the directive gain
I 7 ~1.021 . (42) which is the same as for the passive array, th&l’ of the
redvicase 7 ST matched active antenna is

Ai _itri]s_explicit frorE (42), the improvement ratio £13/1.02 (G T)nctive = Narray + Gammp — Tiovel

which Is greater than two. e "

The second array is a parallel arm structure, which is a
uniform fed array of 2x n elements as shown in Fig. 10. ltwhereZi..; iS as given in Table II.
is assumed that the line segments in the structure are all olUsing Table I, above equations yield that active antenna
equal characteristic impedance. The output impedance of ths a bette /7" than the passive antenna for connection level
array is not matched to 5. NELL'’s of the feed structures seven, which is also implied by (41). It can be said that for
are calculated and plotted in Fig. 11 for different values @his structure and the amplifiers concerned, the level where the
n. The NELL's shown in the plot are normalized with thémprovement is just achieved is level seven, where four active
incoherent impedance matched equivalent length. As seslements are required. Further improvements can be achieved
from this figure, for each value of a value forZ,, exists using more active elements at the different levels as can be
for optimum noise performance. seen from Table II.

B. Active Array VII. CONCLUSION

A 16 x 16 corporate-fed microstrip antenna array on a In this work, noise analysis of low-loss transmission lines
RT-DUROID 5880 substrate is designed. Quarter-wave-ling given and a new concept named as “NELL” is introduced.
impedance transformers are placed according to the res@tsarter-wave-line impedance transformers are investigated
of Section lll, to the feed structure to decrease the noised it is shown that there is an optimum choice of charac-
generation by the lossy feed lines. The rectangular patidristic impedance for the lowest NELL of a double section
antennas are resonant at 10 GHz having a 276esistive transformer. After establishing the importance of coherent
input impedance. The uniform fed antennas are equispa@d incoherent impedance matching concepts, noise sources
by a distanced, which is determined by radiation patternin a parallel feed antenna array are identified and effects of
considerations. The total NELL of this 16 16 patch array is these sources are expressed in terms of their NELL's. This
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new concept provides a suitable design guide for low-noiges] R. J. Mailloux, J. Mcllvenna, and N. P. Kernweis, “Microstrip array

parallel feed structures. Coherent impedance matching, which Sicnhnf;%gf/’nlEEE Trans. Antennas Propagatcol. AP-29, pp. 25-37,
is important for efficient radiation characteristics, does nef7) m. A. weiss, “Microstrip antennas for millimeter wavedEEE Trans.

imply incoherent impedance matching, which is important Antennas Propagatvol. AP-29, pp. 171-176, Jan. 1981.

; ; ; ] P. S. Hall, “Printed antennas: Responding to new application$>tac.
for noise generation of the feed structure. It is shown thHe 26th Eur. Microwave Conf.Prague, Czech Republic, Sept. 1996 pp.

a feed structure can be redesigned to be incoherent impedance 464—_470.
matched without affecting the radiation characteristics. It §9] Y. T. Lo and S. W. LeeAntenna Handbook: Theory, Applications and

; S Design New York: Van Nostrand Reinhold, 1988.
also shown that through this optimization procedure, trlgo] = Lglezari and C. D. Massey, “mm wave microstrip antennagi”

noise temperature of a typical corporate feed structure can crowave J, vol. 30, no. 4, pp. 87-96, Apr. 1987.
be decreased by a factor of two. The noise performance [&F R. J. Mailloux, *Antenna array technologyProc. IEEE vol. 80, pp.

. . . L 163-172, Jan. 1992.
different parallel feed structures are investigated and it 8] p. Bhartia, K. V. S. Rao, and R. S. Tomaillimeter Wave Microstrip

shown that incoherent impedance matched corporate feed has and Printed Circuit Antennas Boston, MA: Artech House, 1991.

; ; 23k E. H. Newman and J. E. Tehan, “Analysis of a microstrip array and feed
a good noise performance, whereas the noise performancé o network.” IEEE Trans. Antennas Propagatiol. AP-33, pp. 397403,

a parallel arm feed structure rapidly degrades with increasing apr. 1985.
number of antenna elements. [24] M. L. Oberhart and Y. T. Lo, “New simple feed network for an array
: o . : : module of four microstrip elementsElectron. Lett, vol. 23, no. 9, pp.
The NELL concept is also utilized as an active Circuit ;56 457" Aor 1987,
placement criteria in antenna arrays, which showed @®af  [25] E. Levine, G. Malamud, S. Shtrikman, D. Treves, “A study of microstrip

performance of a passive antenna array may be improved by array antennas with the feed networkEE Trans. Antennas Propagat.

. . . . . . . vol. 37, no. 4, pp. 426-434, Apr. 1989.
inserting active circuits to certain levels in the feed SUUCtUIB6) b M. Pozar, “Finite phased arrays of rectangular microstrip patches,

With the development of very low-noise figure transistors, it IEEE Trans. Antennas Propagatiol. AP-34, pp. 658-665, May 1986.
seems that active devices inserted in proper places in a fé&d R- E. Collin, Antennas and Radiowave PropagatiorNew York:

.. . McGraw-Hill, 1985.
structure causes this improvement. On the other hand, earfig)j L. 1. parad and R. L. Moynihan, “Split-tee power dividelZEE Trans.

transistors having higher noise figures could not lead to such Microwave Theory Techvol. MTT-13, pp. 91-95, Jan. 1965.
imorovements [29] S. Demir, C. Toker, and A. Hizal, “Design of an active microstrip array
P ’ using a microwave circuit simulator,” iRroc. IEEE MTT-S Top. Symp.
Tech. Wireless ApplicatVancouver, Canada, Feb. 1997, pp. 103-106.
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