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Gain andG/T of Multielement Receive Antennas
with Active Beamforming Networks

Ulrich R. Kraft, Senior Member, IEEE

Abstract—A basic system-level model for the gain andz /T of ARI

active multielement receive antennas is presented that covers arbi-
m Receiver

trary beamforming networks and direct radiating arrays, as well
as array-fed systems with one or more focusing elements (reflectors
or lenses). Since the model is based on measurable parameters and

uses definitions, which are consistent with conventional communi- ® Passive

cation system analysis terms, it can be applied directly to the anal- Antenna

ysis and design of systems using such antennas and can be used to 0° ARI
support the specification, design, and test of such antennas as well. | |
Measurement possibilities for the basic parameters are briefly dis- La
cussed and the characteristic parameters of generic active beam- o] D i I
forming networks are derived and compared. Finally, the impact of T Tree

the different parameters on the overall antenna gain and= /T'is il-
lustrated by one application example that covers a reconfigurable
multifeed reflector antenna with selectable beamwidth. The pre- Fig. 1. Basic system level model for a conventional, passive receive antenna.
sented theory has been verified successfully in the frame of a clas-

sified EHF antenna deVelOpment whose details cannot be reported a pass|ve recelve antenna W|th or W|th0ut a focus|ng Opucs |S
here. shown in Fig. 1, which presents a signal/noise model of the an-
Index Terms—Active antennas, beamforming networks, direct tenna/receiver combination for use within system analysis tools.

radiating arrays, multifeed reflector antennas, phased arrays. The antenna is connected to the receiver at the antenna/receiver
interface (ARI), where the conventionally defined antenna gain
I. INTRODUCTION is available. The incoming signal is amplified with respect to an

) ) ) ... ideal (loss- and sourceless) isotropic radiator by the directivity
A CTIVE receive antennas with beamforming capabilitieg) genending on the antenna pattern, and is then attenuated by
become increasingly attractive for a variety of applicane internal losd. , which describes the net effect of all losses

tions such as military SATCOM, mobile communications, etCyithin the antenna. Noise contributions arise from the total noise

since their technology basis constantly improves whereas f@ejved by the antenna, the internal antenna noise generated by

performance and flexibility requirements of modern systemge |osses, and the noise ofthe receiver, which are described by the
still increase. Such antennas can be dlre_ct—rad|at|ng arrays.Bhventional antenna temperatdrg [1], the effective internal
array-fed systems with one or more focusing elements (reflggsise temperature given .4 — 1)T; for the worst case of

tors or lenses) and comprise active beamforming networks thafe|y ohmic losses, and the effective receiver input temperature

perform low-noise signal amplification, amplitude-and phasg respectively. Accordingly, the total antenna gain at the ARI

weighting of the individual radiator signals and the Combi”adndtheG/Tofthe antenna/receiver combination are given by
tion of these signals at the common antenna output port.

Apart from the technical challenges associated with the G=D/L4 (2)
implementation of active beamforming antennas, one basic
problem in this field is the antenna characterization on systet
level, which should permit a simple treatment of these antennas GJT =D/(Ts + (L — 1)To + LaTrec)
by conventional system analysis and design tools and should
provide useful, measurable parameters for their specification, =G/(Ta/La+ (1= 1/La)To+ Trec) @

design, andtest. Whereas pattern parameters such as beamwjgByein7;, denotes the physical temperature of the antenna. For

polarization, sidelobe level, etc., do not require basically new, _ 7. or7, = 1 (no losses), (2) reduces to the well-known
considerations, gain and'/1" are more complex since theygnqg simple formula

depend on the radiation focusing properties, the amplitude-
and phase weighting, as well as the internal amplifications and G/T = G/(Ta + Trec)- 3)

losses of the active antenna. The situation for the simple case of ) ) , i
In case of active antennas having several reception chains,

i.e., several sources of signal amplification, signal attenuation,

Manuscript received August 24, 1998, revised January 7, 2000. _and noise, the situation is much more complex leading to the
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Fig. 2. Basic system level model for an arbitrary active multielement receive antenna (one channel system veféichamukl antenna version).

published considerations on the gain &dl” of such antennas one-channel version of the antenna/receiver combination for
are limited to different phased array configurations, where thise in system analysis tools, as well as a multichannel version
directivity change due to amplitude weightings (taper) can lof the antenna itself for the corresponding antenna analysis. As
directly expressed as a function of the applied weights [4], [(§forementioned, the antenna is connected to the receiver at the
Earlier, the author has reported some limited results on a m&RI, where the total antenna gain is available.
general approach covering both phased arrays and reflector-typ@aking the one-channel model, the incoming signals are am-
antennas [6] but a general treatment of the subject is not ydified with respect to an ideal isotropic radiator by the direc-
available from the open literature. tivity D of the generated overall antenna pattern and the internal
The goal of this paper is to provide a general formulatioactive gainZ,.; describing the total effect of all losses and am-
for the gain andZ/T" of multielement receive antennas withplifications. Noise contributions arise from the total noise re-
active beamforming networks (BFNSs), which covers differemeived by the antenna, the internal antenna noise generated by
configurations ofthe BFN such as active weighting via active arosses and active elements, and the noise of the receiver, which
plitude control elements and passive weighting via nonuniforare described by’s, the effective internal noise temperature
combiners (cf. [5]), direct-radiating arrays, as well as array-fétl,.;, andZ;.., respectively. Here it should be noted tiat de-
systems with one or more focusing elements. Here, the antepeads on the overall (signal) antenna pattern as long as the ac-
gain is understood as the amplification of the signal power levidle aperture is small compared to the correlation length of the
at the output port of the active antenna compared to the signateived, filtered noise. Otherwise, decorrelation effects have
power level atthe output portofanideal, i.e., loss- and sourcelesbe taken into account, which lead to deviations between the
isotropic radiator receiving the same incoming wave. Accordirgffective antenna pattern for signal and noise reception. Such
to this definition, the gain of an active antenna has the saragpects are covered in more detail in the Appendix. The total
meaning as the gain of a passive type, which permits its diregttenna gain at the ARI and tii¢/T" of the antenna/receiver
integration into conventional system analysis methods and its ddbmbination are given by
rect measurementusing conventional procedures. The developed
formulation for G/T covers the entire reception chain, i.e., it G = DGyt 4)
includes the amplification and noise impact of the active antenna,
aswellas the noise contribution from the following receiver.

The general models are_dggcrlbed in Section Il c_)f t.h|s paper, G/T = D /(T + Tacts + Toee)Cct)
where measurement possibilities for the characteristic parame-
ters are also briefly discussed. The parameters of generic BFNs = G/(Gact(Ta + Tact) + Trec) ®)

are then derived and compared in Section Ill. Finally, Section Which implies that for a reasonable active géig.., the overall

shows one appl|cat|on example for a mul_tn‘eed reflector a ntenna gain is larger than the directivity, as expected from an
tenna, which illustrates the impact of the different antenna p

i h Il qai T verf The validit SCtive antenna, and that the receiver has only a limited impact
rameters on the overall gain aGfT” per ormance. Ihe vaialy o, yne overallZ/T since its noise contribution is reduced by
of the developed models has been verified successfully in t

f f a classified EHF ant devel ‘wh detalast: Since the gain and /T definitions applied in the model
rame ot a classiie antenna development Whose detalia onsistent with the usual conventions of communication sys-
cannot be reported here.

tems analysis, the model can be directly integrated into existing
system analysis tools. Moreover, its characteristic param@ters
D,G,.,andl,.; can be derived from measurements that enable
A general system-level model for arbitrary direct radiatintheir use for the specification, analysis, design, and test of ac-
or focused multielement receive antennas with active beative multielementreceive antennas. Wher@asn be measured
forming networks is shown in Fig. 2, which presents both directly by conventional gain measurement methdelgan be

Il. BASIC SYSTEM-LEVEL MODEL
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obtained by integrating measured antenna pattern, which finadigtenna model, if a noise temperatdig is assumed at the in-
permits the determination af,.; by using (4). In addition, terface “0” of both models and the corresponding output noise
G/T can be measured directly by applying the convention@mperatures at the ARI are compared
on/off-method to a compact antenna test range, which then en- N
ables the determlnatlon af, e from_(5), if T4 is known,T}cc Towe = (T + Tact)Gact = Z (Tin + )G (11)
has been measured using conventional technique&7andas
been determined as described before.

The dependence of the characteristic parametgs and

n=1

Using (10) and (11)7,.: is given by

T, on internal gains, losses, and noise contributions can be N N N
determined from the multichannel antenna model also shown Zact = Z T.Gn Z G, = Z 1,Gn [ Gar. (12)
in Fig. 2. The antenna compris@é radiator elements with or n=1 n=1 n=1

without a focusing optics delivering the signal voltaggs 1 to  Whereas the general models and equations presented so far de-
Uin, v and the equally assumed noise temperatifigsThese scribe an arbitrary active multielementreceive antennaby overalll
elements are connected ta\achannel “internal” antenna de- parameters for the “internal” antenn@..., Ta;) Which cover
scribed by overall channel gair@,; to Gy, overall channel all elements of an individual channel in an integral way without
phase®; to ¢ and effective channel input noise temperatur@gstrictions on the channel configuration, most practically rele-
T to Ty leading to an output signal voltag&.,. and an output vant antenna types consist of two main assemblies: a passive ra-
noise temperaturé;,; given by diator system (with or without a focusing optics) and an active
beamforming network (BFN). From a practical point-of-view,

al . this situation makes a second, dedicated description desirable
Vou = z_:l Ui, exp(j%n) VG ©) that identifies the individual impacts of these two main assem-
and " blies on antenna gain ad¢/ T, permits the derivation of charac-
N teristic parameters especially for the BFN and provides measure-
Towe = Z(Tm +T,)Gh- (7) ment possibilities for these parameters. If the passive radiator
=l system exhibits a total loss per channel and a corresponding total

) ) . ) transmission phase per channel, which can be assumed as equal
In order to derive the expressions G, this antenna configu- o a)| channels, and if both the radiator system and the beam-
ration is compared to an equivalent, ideal (loss- and sourcelggsming network are sufficiently matched, such a dedicated de-
Gace = 1) antenna generating the same radiation pattern, whighyition can be derived from the one-channel system model and
acts as a theoretical reference case. For this reference casetﬁggf_channd antenna model described before, whereas larger

corresponding output voltagé.... can be written as differences between channels or significant mismatch make the
N use of the general models (Fig. 2) more appropriate.
Upuir = Z Uin, n exp(j®n)\/1/ L (8) The corresponding dedicated models are shown in Fig. 3,

where the radiator system is characterized by a total Iggs

per channel covering also a possible focusing optics, whereas
wherein(1/L, ) denote normalized channel transmissions th@ie corresponding transmission phases have been set to zero. At
differ from the channel gain&,, only by a multiplicative con- the new interface “1,” the radiator system is connected to the

n=1

stantGrorm, but that must satisfy BFN, which is described by its channel gains, phases, and input
N noise temperatures,,/, ¢,-, and7, and its overall effective
Z (1/Ln) = 1 ) gain and noise temperatuféspy and7gry. In order to derive

the modified equations for gain ar@/7’, G, and T, are
expressed as a function 6&fgry, Tsrn, and L 4 based on a
because of the absence of losses and sources within the ideatamparison of Figs. 2 and 3, which leads to

tenna. Based on this theoretical reference, which corresponds,
e.g., to a passive, lossless antenna using a nonuniform cou-
pler-type network with(1/L,..) being the coupling coefficients and
of the different channeld/,; and G,, can be written as de- Toet =(La —1)Th + LaTopx. (14)
normalized versions df,.,. and(1/L,, ) according to/,,, =

Uoutr /Gt aNdG, = Grorm (1/ Ly ). This permits a determi- Herein, I; denotes the physical temperature of the radiator

nation of the internal active gaifi.., from (6), (8), and (9) to System and., has been assumed again as a purely ohmic loss.
Finally, the overall gain and /T of the antenna can be written

as

n=1

Gact =Grrn/La (13)

N
Gact = Gnorm = Z Gn (10)
n=1 G = (D/L4)GsrN (15)

which also provides a second possibility for the experimentghd

determination ofG,., if the channel gaing7,, can be mea-

sured. The effective internal noise temperatizg can be de- G/T =D/(Ta + (La — )To + LaTsrn + LaTiec/GrrN)
rived from the one-channel system model and M&hannel (16)
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Fig. 3. Basic system level model for an arbitrary multielement receive antenna comprising a separable passive radiator system and an acting beanddem
(one channel system version aidtchannel antenna version).

using (4), (5), (13), and (14). Equations (15) and (16) reducenetwork with an effective noise temperatifgry- and an
the simple formulas of the passive case given by (1) and (2)jnfut-to-output gainGy. . In this case, (18) delivers
an ideal, loss and sourceless BFN (i&gry = 1, IgrN = 0)

is considered and permit an indirect determinatiotvgf-n and Tou = (Tin + Torn- )Gk’N
Tsrx from the measured parameté¥sG/T, andD, if L, and ‘
T4 are known with sufficient accuracy. Vice verda, can be = (Tin = To)Gw + Z (To +Tw)Gn (209)

n=1

determined from (15) and (16),#grNy andZsry are obtained
by the independent measurements described belowl and
kzown. P Tow, =(Tin — T0)Gr + Gern(To + Tern)  (20b)
The dependence of the effective BFN géigrn on the cor-  whereinTy, Ty, andGepy denote the physical temperature
responding BFN channel characteristics can be derived byydd the characteristic parameters of the BENIif-x- is di-
comparison of Figs. 2 and 3 leading®,, = G,L.4 and by rectly measured by usual two-port methods &hd andGgrx

or

use of (13) leading finally to are derived from network-analyzer tesfgrx can be obtained
N N by
GprN = Gact Ly = z_:l GnLy = z_:l Gpr. (17) TerN = (Gk’/GBFN)(TO =+ TBFN*) —To. (21)

This provides a simple possibility for an independent measure-
ment of Ggrx by measuring the BFN input-to-output transmis-
sion coefficients,,; via a network analyzer and calculating
Gprn according to (17). FinallyZsrn can be determined by  In the previous section, the impact of the effective BFN gain
assuming a homogeneous input noise temperatjyeat the (Gprn) and the effective BFN noise temperatufBsfn) on
interface “1” of both the one-channel and tivechannel model the gain and7/7" of multielement receive antennas has been
and comparing the two output noise temperatures at the ARIderived whereby arbitrary BFNs characterized only by their
channel gains and phasés,, ¢, and their equivalent noise
temperatured;,, have been considered. In order to close the
gap between these general formulations and particular BFN
configurations used in practice, now the dependenc@gfy
which leads to and Tsrn ONn the BFN architecture and the corresponding
assembly performances is investigated where two steps are
N : . . .
Z a. taken. Since practical BFNs consists, in general, of a number
n=1

I1l. CHARACTERISTIC PARAMETERS OF GENERIC
BEAMFORMING NETWORKS

N
Tow = (T + Torn)Grin = Z (Tiw +T)Gr (18)

n=1

N
IprN = Z T G

n=1

of electronic chains followed by a uniform or nonuniform
~ power combiner but the implementation of amplitude and
. phase distributions can be performed by one of these main
B Z T"'G"'/GBFN' (19) elements or shared between them, at first, a i hi
— , , ageneric architecture
is considered and corresponding generic expressionsgpk
A not very obvious measurement possibility gy arises, andZipn are derived. Based on these generic expressions, the
if the BFN is fed at one input port with an input noiseliy  two most popular configurations called “active weighting” and
(I = Ty for n = k), whereas all other input ports are‘passive weighting” network are then investigated in detail with
terminated i,y = Ty for n <> k) generating a two-port the goal to derive detailed expressions @gry and Tsrpn
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as functions of the electronic chain and combiner parameters
for these cases. Hereby, it is assumed that the radiator system
loss L 4 and the corresponding transmission phases are either I Electronic Chains
sufficiently uniform to permit a separate BFN consideration ac- Uin1”
cording to Fig. 3 or are treated as part of the BFN, which would —> Go1= G',"’L‘ Le.t
iMply Guc: = Garx andTae, = Tarx. Additionally, both the Do Do’
radiator system and the BFN are assumed to be matched.
The generic architecture as shown in Fig. 4 consists of

1’ 2 ARI
l Combiner

Uou(

[ X X ]

I
E Te = Te+ 8Te(L1) |Tc1

T
N identical electronic chains followed by & : 1-combiner. Uinn’ I | Lon o
These chains typically comprise low-noise amplifiers (LNA), — G""; f‘“"‘“ QC’N
variable-gain-amplifiers (VGA), and variable phase-shifters T |N = | ’

I
I
I
I
|
-?
|
I
I
|

(VPS), which are used to perform a signal preamplification, a |
flexible and reconfigurable setting of the aperture amplitude- '
and phase distribution, and/or a compensation of possible

channel imperfections. They are described by a common noRw. 4. System level model for a generic active beamforming network.

inal gainGy, actual gaing. 1 to G., y given by a reduction

of the nominal gain byl to Ly, transmission phase®. i- icantly, which is shown below for the two most popular BFN
to ®. ns, and actual input noise temperaturgs; to 7. 5 configurations.

given by a nominal temperatutE plus an amplitude-setting  One very popular BFN architecture is thactive weighting
dependent increagd . (L,,). The following combiner can be aBFN where a fully flexible amplitude/phase control is
uniform or nonuniform type depending on the architecture apérformed via the electronic chains, whereas the signal com-
performs the summation of the individual channel outputs plisnation is done by a unifornV : 1-power combiner&¢ 1 =

a possible fixed or limited switchable amplitude- and phage: » = -+ = Lo, @17 = @00 = -+ = @ v = 0°).
weighting. It is characterized by overall combiner loségs;  For this configuration, (23) can be simplified to

to L v covering divider losses as well as ohmic and other loss

TeN=Te+ dTe(LN) Tc N

factors, transmission phasés. » to ¢. y- and input noise Gpex = Go(N/Lc)(Gw /N) (252)
temperature§1 to Ty representing the internally generategyith
noise from ohmic losses and possible active elements. For this N
overall configuration, the total transmission gain and phase ofqy,, /N) = (1/N) Z (1/L,) 0 < (Gw/N) <1 (25b)
one BFN channel (“1” to ARI) and the corresponding effective o
input noise temperature are given by and
1/Le)y=(1/L =(1/L =---=(1/Le N
G =Gon/Len = Go(1/L0)(1/Les ) (W/ke)=(/ke) =(/Le,) (1/Lc,v)
=Go(1/Liot,n) (222) =(1/N)> (1/Lc,n) (25¢)
(I)n’ = (I)e,n’ + (1)07 n' (22b) n=1
T =Te n+Ten/Ge n wherein the normalized weighting gay /N characterizes
=T, 4+ 6T.(Ln) + Te. nLn/Go (22¢c) the total impact of an actively formed amplitude taper on the

BFN gain without a dependence on the actual configuration,
leading to an effective BFN gain and noise temperature [(1The number of antenna elements etc. The parameter reaches its
(19)] of maximum (Gw /N = 1) for an uniform amplitude distribu-
tion and decreases for stronger tapers which implies a corre-

N /
. . sponding maximum BFN gain for the uniform case. The pa-
Gy =Go nz_:l(l/L")(l/Lc’") = Go Z(l/L“’t’") (23) rameter(1/L¢) describes the effective combiner loss which is
B N equal to the individual channel lossésg: ,, in case of an uni-
Tapn = T + Z (8T(Ln)/Liot, n) Z 1/Liot. n) form combln(_a_r. Similarly, the effective BFN temperature (24)
= can be simplified to
N
Torny =1 + (N/Gw ) (DT, + T /G 26a
+(1/Go) > (Ten/Leyw) Z(l/Lm,n). (24) B (N/Gw) c/Go)  (269)
n=1 n=1 WIth

As shown by (22a) and (22b) the final aperture amplitude and

phase distribution depends on the net effect of the electronic DT =(1/N) Z 8Te(L (26b)
chains and combiner. Here, an active weighting via the chains ~

permits a flexible antenna reconfiguration whereas a passive T —(1/N T

weighting via a tailored combiner can be less complex but de- o=/ )nz_:l Cim

livers only a fixed or limited switchable distribution. For most N - :

practical cases, where the amplitude distribution is set by the = Z (L n/Len) Z (1/Lc,n).  (26c)

chainsor the combiner, (23) and (24) can be simplified signif-

n=1
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Herein D1, and1, describe the impact of the chain noise intemperatures!, ; to 7. », which are equal to the nominal
creasedT.(L,) and the combiner noise sourcEs ,,, respec- temperatureZ, since all chains operate without the gain
tively, whereby the effective combiner noise temperatiirfe reductions of the active weighting architecture. The desired
is the equivalent tdry, if an isolated combiner is consid-aperture amplitude distribution is realized by the nonuniform
ered as a “BFN,” and becomes equal to the individual sourcas: 1-combiner which usually comprises different cascaded

(Tc = Tc,»), if all noise sourced¢, 1 to I, x are equal. couplers and is characterized by overall combiner logges
For most practical case&].(L,) can be approximated by ato Lo, » and input noise temperaturds: ; to I¢ y. If a
linear function according to flexible phase-steering is not required, the channel phases

_ to & are fix and can be generated also by the nonuniform

8Te(Ln) = (Ln — DAT, (272) combiner itself ¢, ,,» <> 0°), which is a standard approach
leading to for passive multifeed reflector antennas. In both cases, (23) can
be simplified to

DT, = (1 - Gw/N)AT, (27b)
) GBFN = Go(N/Lc) (313)
and finally to
with

TBFN = (Te —‘,—Tc/Go) =+ (N/Gw — 1)(AT€ —i—Tc/Go). (28) .
In this case, the impact of an actively generated amplitude (1/L¢) = (1/N) Z (1/Lc,n) (31b)
taper is again described ¥y /N, leading to the minimum —r
BFN noise temperature for the uniform amplitude distribution

wherein(1/L¢c) describes again the effective combiner loss.

(Gw/N = 1). Similarly, the effective BFN temperature (24) can be simplified

In many practical cases, the uniform combiner is realized
a cascade of passive 2:1 combiner stages, which implies a §i-

vider lossN’ per channel, an additional path lassper channel Tarx = T + (T /Go) (32a)
accounting for the net-effect of internal add-on losses, and an
overall combiner los€. given by with
N N
Lc=NL,. 29
c » (29) Te =Y Ten/Len) | S (/Le,w) (32b)
Herein, N’ is equal to the number of element, if N com- n=1 n=1

plies toN = 2", and is equal to the next larger number whickvherein 7 denotes again the effective combiner noise tem-
complies, otherwise. A combiner witi <> 2" physical input perature, which becomes equal to the individual noise sources
portsis, therefore, equivalent td\d : 1 combinerwith N'—N) (T = T ,,), if these sources are equal.

terminated input ports. The corresponding input noise temperain many practical cases, the combiner is realized as a cas-
turesic, 1 to I¢, v are generated by the ohmic path loségs cade of passive coupler stages, which implies that the overall
of N’ combiner channels plus the additional nois¢8f — N)  combiner losseé.c ; to L¢ y are given by the product of nor-
terminated input ports and can be assumed as equal. They gilized divider losse&;- to Ly~ satisfying (9) and additional

be determined by a comparison of the output noise tempegmic path losses,, per channel. Here, (31b) leads to

tureT,: generated by the redl’ : 1 combiner with equal input N

noise temperatureésyy at the N open ports and the physical _ o

temperaturd, at the(N’ — N) terminated ports with the cor- W/Le)=A/N) Y U/ LpLu) = (/NLy) - (33)
responding figurel,, of an equivalentV : 1 combiner with
equal input noise temperaturégy and equal noise sourcég:
for all N channels

n=1
because of (9), i.e., no energy is lost by the weighting itself ex-

cept those parts absorbed by the ohmic losses. Assuming the
ohmic path losseg., as the only source of internally gener-

Tow =(NTin + N (L, — )Ty + (N' — N)Tp)/ L ated noise, i.e., equal noise sourigs,, for all channels, these
=Touw = (NTin + NT)/Le (30a) sources andc are given by
leading to Ten =Tc = (Ly — Do, (34)
Te = ((N'/N)L, — )Ty, (30b) A comparison of the “active weighting” and “passive

weighting” architecture in terms @¥grn, T5r~, and the most

The second popular BFN architecture is thpassive important assembly parameters is provided in Table I, which
weightind BFN where a fixed or limited switchable amplitudecovers a general amplitude distribution and the uniform case.
distribution is generated via a tailored nonuniform combinefpart from the limited amplitude flexibility of the passive
In this case, the electronic chains comprise low-noise ampheighting architecture, differences exist for both the gain and
fiers to obtain a signal preamplification and can also contaihe noise temperature behavior of the configurations which af-
variable phase shifters to set a desired, flexible apertueet the overall antenna gain and #6¢7". As shown in Table I,
phase distribution, e.g., to realize low-sidelobe phased arraggassive weighting BFN behaves like an active weighting con-
The chains are described by a constant nominal gain figuration that is operated for a uniform amplitude distribution
transmission phases. 1 to ®. », and actual input noise (Gw /N = 1), i.e., the passive weighting BFN always obtains
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TABLE |
COMPARISON OFKEY PARAMETERS FORACTIVE AND PASSIVE WEIGHTING BFNs

BFN Type active weighting passive weighting
I
BFN gy Go (N/Lc) (Gw/N) Go (N/Lc)
Gain
GBFN uniform Go (N/Lc) Go (N/Lc)
BFN (Te +Tc/Go) +
Noise - g (Te +Tc/Go)
Temperature case | 4+(N/Gw -1)(ATe +Tc/Go)
TerFN uniform (Te + Tc/Go) (Te + Tc/Go)
N
(GW/N) (1/N) 2 (1/Ln) —
n=1
N N
Parameters (1ILC) (1/N) Z (1/|..Cn) =(1/L0n) (1/N) 21(1".0'1)
n=1 n='
General N N N i
C
i X (TenlLon) / 2 (1/Len) | X (TenLen) / 2 (VLc
n=1 n=1 n=1 n=1
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N
=(1/N) 2 Ten
n=1
Combiner cascade of passive cascade of passive
Type 2 : 1 combiner stages coupler stages
i N=2" ,
Parameters il Nlp — NLp il
Special N=2"
iy Le el g 1 NLp
((N/N)Lp-1)To
TC (Lp-1)To

N=2"
——> (Lp-1)To

maximum BFN gain and minimum noise temperature, whereagual, if the number of input®y complies toN = 2™, and the
the performance of active weighting versions degrades wibhmic path losse$,, are equal for both architectures.
increasing amplitude taper. Since the BFN gain also reduces

the overall noise impact of the receiver following the antenna
[(16)], the receiver impact 0d7/T is usually larger for the
active weighting configuration, as already pointed out in [5]
for phased arrays. Moreover, the BFN gain contributes to theln order to provide an application example that illustrates
overall antenna gain [(15)] leading to lower antenna gains fire impact of the different antenna parameters on the overall
an active amplitude control (cf. [4], [5]), which can be compergain andZ/T performance, a reconfigurable active Ka-band re-
sated by a corresponding increase of the nominal chaingain flector antenna is considered which permits a change of the re-
Accordingly, the sensitivity off spn to the applied amplitude alized beamwidth by means of a suitable beamforming network.
setting can be minimzed by using larger LNA gains within th8uch an antenna s of interest for satellite applications, where an
electronic chains leading to smaller setting dependences of #uaption of the illuminated coverage area size (zooming) can
chain-noise temperaturéaT. ), and by using a larger nominalbe desired to enhance the system flexibility [7], [8]. If a fully
chain gain(Gy) to reduce the impact of the combiner noisélexible beamsize is required, an active-weighting BFN is nec-
(T¢). For the important case of passive combiners, the tatdessary, which is assumed for the basic configuration in the fol-
shows that the combiner parametdrs and 7~ are similar lowing considerations. For reasons of comparison, however, a
for active- and passive-weighting configurations and becorswitchable passive weighting BFN as implemented, e.qg., for the

IV. APPLICATION EXAMPLE: RECONFIGURABLE Ka-BAND
SPOTBEAM ANTENNA WITH ZOOMING CAPABILITY
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Fig. 5. Configuration of a configurable Ka-Band spotbeam antenna.

Hemi-Zone antennas of the INTELSAT VIII satellite series [9]different amplifications in order to implement the desired am-
[10] is also investigated, since it can be an alternative, if onlyitude weighting. These settings lead to the VGA parameters
small number of beam sizes is desired.
Grrn:Gran 35a

The basic configuration of the antenna, presented in Fig. 5, VGA, vaa/ (352)
comprises an offset parabolic reflector with a diameter of g1.42nd
(81.4 cm for 30 GHz) and &/ D of 0.76, which is illuminated Tvaa,n =Tvaa + (Ln — DATvea (35b)
by seven feedhomns arranged in ahex_agonal cluster. Throqghme?ch result in the following effective parameters of the elec-
associated BFN, the centerhorn (#1) is always operated with Epéanic chains
nominal gainG, of the corresponding electronic chdih; =

1), whereas all six ringhorns (#2 to #7) are used with the re- Go = GLNaGvaaGosa/Lvrs (36a)
duced gainGio/Lr (Lo to L7 = L) leading to a normalized T, =Tina + (Tyea/Gina) + (Tvps/GrnaGvaa)
weighting gainG'yy,y [cf. (25b)] of + (LvpsTopa /GrnaGyaa) (36b)
and
Gw /N = (1/N)(1+(N—=1)/Lg) = (1/7)(1+6/Lg). (34)
w/ (/A ) Lr) = (A/DA+6/Lr) AT, =(ATvga/Gina) + (Tvrs/GLnaGvaa)
By changing the ring-tapeL g, the corresponding antenna + (LvrsTopa/GrnaGvaa)- (36¢0)

pattern can be adjusted to a desired beamwidth or coveraggre, an approximation @t (L,,) by (L,, — 1) AT, according
size, which is illustrated for two cases by the pattern cuts show#(27a) is possible, since the VGA noise temperatures can be
in Fig. 6(a). If the ringtaper is increased from 2.7 dB to 17.3 dBypproximated accordingly, which has been checked in practice
the half-power beamwidth (HPWB) of the antenna decreasgigring a classified EHF antenna development. Assuming
from 2.3 to 0.9 [Fig. 6(b)], which causes an increase ofjual-stage HEMT amplifiers for the LNAs, OBAs, and the
the corresponding directivity at the 3 dB points of the patteinput stages of the VGA assembly, a combined analog/digital
(edge-of-coverage or EOC directivity) from 34.8 dBi to 41.3pproach for the VPSs and an overall realization of the BFN in
dBi [Fig. 6(c)]. This behavior is typical for a single-reflectotintegrated technolog¥sina, Gvaa, Gosa, andLyps can be

(or lens) multifeed antenna, where an increasing amplitudgsumed to 16 dB, 18 dB, 18 dB, and 16 dB at 30 GHz, whereas
taper over the multifeed aperture leads to a beamwidth decreg®e corresponding noise temperatures and noise figures are
(directivity increase) in contrast to the case of direct radiatingven by 365 K, 472 K, 446 K, and 11450 K and 3.5 dB, 4.1
or magnified (double reflector/lens) arrays, where an increasidp, 4.0 dB, and 16 dB, respectively. Usidgli;aa = 1.3 K,
taper causes a beamwidth increase (directivity decrease). these figures result in overall chain parametgfs = 36 dB,

The associated active-weighting BFN shown in Fig. 5 confs, = 388.5 K, and AT, = 11.7 K for the configuration shown
prises seven active electronic chains that are the cascade of Big. 5 andGy = 18 dB, 7, = 3814 K, and AT, = 4.6
low-noise amplifier (LNA), a variable-gain amplifier (VGA) K for an alternative configuration, where the OBAs have
implementing the desired amplitude weighting, a variable-phaiseen removed. The uniform power combiner of the BFN is
shifter (VPS) for phase-error corrections of the correspondimgsumed as a passive 8 : 1 combiner realized in MIC technology
BFN channel, and a possible output-buffer amplifier (OBA) folhaving one terminated input port, which uses a cascade of 2:1
the enhancement of the overall chain amplification. These col¥ilkinson power combiners with an ohmic loss of 1.5 dB per
ponents are described by their gains or losSgsa, Gvea, Stage at 30 GHz. This leads to ohmic path lossg®f 4.5 dB
Lyps, andGopa and their effective input noise temperatureper channel, an overall combiner lasg of 13.5 dB [(29)] and
Tina, Tvaa, Tvprs, andTogs, Which are equal in all chains an effective combiner noise temperatiie of 655.2 K [(30b)]
for the LNAs, VPSs, and OBAs, whereas the VGASs are set &ssuming a physical temperature of 295 K.
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Fig. 7. Characteristic BFN parameters of the reconfigurable spotbeam
- antenna using active weighting BFNs with and without OBAs and equivalent
@ 40.0 passive-weighting versions. (a) BFN gain parameters. (b) BFN noise
': ’ "\ temperature. —— Active weighting BFNs.o o passive weighting BFNs.
8 350 S~
e implemented beamwidth from (.90 2.3 corresponding to a
30.0 decrease of the ringtapérr from 17.3 dB to 2.7 dB, the nor-

malized weighting gaid+y /N increases from-8.0 dB to—2.2
05 10 15 20 25 dB [Fig. 7(a)], which leads to an increase of the BFN gain for
Beamwidth (in °) the active weighting case from 22.9 dB to 28.7 dB for the basic
configuration and from 4.9 dB to 10.7 dB for the alternative ver-
© sion without OBAs. This illustrates that an increasing ampli-
Fig. 6. Radiation properties of the reconfigurable spotbeam antenH‘éde tap_er implies 'n fact a degrgdatlon of the active weighting
depending on the applied amplitude taper. (a) Radiation pattern cuts. (o) HBFN gain, as mentioned in Section Ill, whereby the BFN ver-
power beamwidth (HPBW). (c) Antenna directivity at the 3 dB points of thgjon without OBAs achieves always 18 dB less BFN gain be-
pattern (EOC-directivity). cause of the missing OBA amplification. The equivalent pas-
sive weighting BFNs achieve a constant BFN gain of 13.5 dB
For the equivalent passive weighting BFN, the same nominaithout and 31.5 dB with OBAs, i.e., they operate always with
gainsGy (18 dB without and 36 dB with OBAs), the same nommaximum BFN gain as discussed in Section Ill.
inal noise temperaturel. (381.4 K without and 388.5 K with  The corresponding BFN noise temperatures [Fig. 7(b)] de-
OBAs), and the same ohmic path losggf the combiner (4.5 crease from 451.3 K to 396.5 K for the basic active weighting
dB per channel) are assumed leading to an overall combiner lessfiguration and from 471.1 K to 401.8 K for the alternative, if
L¢ of 13.0 dB [(33)] and an effective combiner temperature dhe beamwidth is increased as described before. Since the OBAs
536.4 K [(34)]. reduce the impact of the combiner nois€Gi, slightly better
The characteristic parametess; -y andZsry Of the entire  figures are obtained for the basic configuration but, in general,
active weighting BFN, calculated according to (25a), (28hoth cases do neither exhibit excessive differences nor a very
and (35), are shown in Fig. 7(a) and (b), together with thetrong sensitivity to the applied amplitude setting. The equiva-
corresponding figures for the passive weighting equivalemgnt passive weighting BFNs provide a constant BFN noise tem-
calculated according to (31a) and (32a). For an increase of fferature of 389.9 K without and 388.6 K with OBAs, i.e., they
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operate always with minimum BFN temperature as discussed in 80.0 —
Section Il —

The available overall antenna gain at the ARI [(15)] as well as 70.0 S w. OBAs —
the effective system noise temperature referred to the interface
“0” and the overallG/T of the antenna/receiver combination
[(16)] are shown in Fig. 8(a)—(c), respectively. Hereby, a total LTy wio OBA:
radiator system los6 s = 1.0 dB covering the losses of the re- 50.0 o y
flector, the horn/polarizer assemblies and the connecting waveg-
uides at 30 GHz, and a receiver/input-waveguide assembly with 40.0
an input noise temperature #f.. = 1200 K (N = 7.0 dB) 05 10 15 20 25
have been assumed.

For the overall antenna gain of the active weighting config-
uration, Fig. 8(a) shows an almost constant gain of 63.3—62.5 @
dB (with OBAs) and 45.3-44.5 dB (without OBAs), which is a
consequence of the fact that a beamwidth increase frof@.9 1500
2.3’ (Lg decrease from 17.3 dB to 2.7 dB) leads to an increase
of the BFN gain but an almost equal decrease of the directivity.
Here, the two effects are able to compensate each other leading
to an overall gain variation of only 0.8 dB for a beamwidth
variation of about 1:2.6. This effect has been verified experi-
mentally during a classified EHF antenna development and is a w/o%_ o
special property of single-reflector (or lens) multifeed antennas 900 T o +—=:_
with active weighting BFNs, whereas directivity and BFN gain T
changes add-up for direct radiating or magnified arrays using 700 ]
such networks. The effect can be important for the specification 05 10 15 20 25
of the receiver input dynamic range which has to cover both Beamwidth (in °)
the dynamic range of the incoming signals, as well as any gain
variation of the antenna. For the passive weighting equivalents, (b)
also shown in Fig. 8(a), the BFN gain is constant as discussed
before, i.e., the variation of the overall gain follows the direc- 12.0 w
tivity change without any compensation leading to a gain de- o Sl
crease from 71.8 dB to 65.3 dB (with OBAs) and from 53.8 10.0
dB to 47.3 dB (without OBAS). Like the directivity, the varia- )
tion of the overall gain is about 6.5 dB for beamwidth of?0.9
to 2.3, which has to be taken into account for the specification
of the receiver. As aforementioned, the passive-weighting con- 6.0
figuration delivers higher gain values for comparable electronic ) N
gains due to the quasi-lossless implementation of the amplitude 4.0
weighting, which can be compensated, however, by an increase
of the chain gains for active weighting configurations.

The effective system noise temperatutBs, of the an- Beamwidth (in °)
tennal/receiver combination referred to the interface “0” are
presented in Fig. 8(b) assuming a total received antenna noise
of T4 = 300 K which typically occurs if a narrow-beam
satellite antenna is pointed toward a warm, dry land mass. Faf. 8. Gain, system noise temperature, afid7-performance of the
the active weighting configuration with OBAS,, is fairly reconfigurable spotbeam antenna using active weighting BFNs with and
constant with figures between 952.2 K and 877.6 K, whereas %g’:out OBAs and equivalent passive weighting versions. (a) Overall antena

60.0

G (in dBi)

Beamwidth (in °)

N

\ w/o OBAs

1300

N

w. OBAs

1100

Tsys (in K)

8.0 w. OBAs ]
wio OBAs

GIT (in dB/K)

05 10 15 20 25

(©

; - ; - g at the ARI. (b) System noise temperature at the interface “0” for the
corresponding version without these amplifiers shows a fairhyitenna connected to a receiver vilth. = 1200 K. (c) G /T for the antenna

significant increase from 1010.7 K to 1455.3 K for decreasirfignnected to a receiver wiffi.. = 1200 K. — Active weighting BFNs.
. . . .0 0 o passive weighting BFNs.

beamwidth. This effect is a consequence of a stronger receiver

noise impact which is due to a low BFN gain for narrow beams

(i.e., strong amplitude tapers) and missing OBAs. This impactived antenna noise ®f;, = 300 K. Sincely, is similar for the

is neither significant for the active-weighting configuratioractive weighting case with OBAs and the two passive weighting

with OBAs nor for the passive-weighting BFNs, which obtaironfigurations having a similar and fairly small variation with

constant system noise temperatures of 934.7 K (without OBABe beamwidth, the obtained/T figures of 11.6 dB/K to 5.4

and 866.7 K (with OBAS). dB/K for the active weighting case, 11.6 dB/K to 5.1 dB/K for
Finally, the G/T of the antennal/receiver combination ighe passive-weighting case without OBAs, and 12.0 dB/K to 5.4

presented in Fig. 8(c) based again on the assumption of a totaldB/K for the passive-weighting case with OBAs are also similar
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and show a dependence on the selected beamwidth, whiclofimdvantage for the dynamic range of the following receiver,
mainly driven by the directivity change of about 6.5 dB over thieut is limited to array-fed antennas with one focusing element,
considered beamwidth range. In case of the active-weightingiereas directivity and BFN gain changes add-up for direct
BFN without OBAs,G/T" reaches only 9.7 dB/K to 4.7 dB/K radiating or magnified arrays. In terms of system-noise temper-
because of the stronger increaseZdf,, shown in Fig. 8(b). ature, both active- and passive-weighting BFNs deliver similar
Overall, the totalG /T-improvement obtained via the use ofperformances with a low sensitivity to the selected amplitude
OBAs is about 1.8 dB for the narrowest beam (strongest ampietting provided that the active weighting architecture uses

tude taper) and reduces to about 0.6 dB for widest beam in caseufficiently high internal amplification. Consequently, the

of the active-weighting BFNs, whereas it remains about 0.3 dptained/7-figures are also similar having a dynamic driven
for all beamwidths in case of the passive-weighting alternativegy the directivity changes of about 6.5 dB, whereas active

weighting BFNs with a poor internal amplification show an

additional degradation which is most critical for the narrowest

V. SUMMARY AND CONCLUSION beams, i.e., the most significant amplitude tapers.

) ] ) Finally, it should be noted that the validity of the presented
A basic system-level model for the gain a6('T" of active o4l as well as the predicted key effects, have been veri-
multielement receive antennas has been presented that CoygFFexperimentally during a classified antenna development at
arbitrary beamforming networks and direct radiating arrays, B$iF-frequencies. Due to the nature of such projects, however,

well as array-fed systems with one or more focussing elemegis, yetailed results of these measurements cannot be reported
(reflectors or lenses). In particular, the most common casef.o

identical chains for each radiating element and a separability
into a passive radiator system and an active BFN have been

discussed in detail together with a brief overview of measure- APPENDIX
ment possibilities for the characteristic model parameters. This ANTENNA TEMPERATURE T’y FOR COHERENT AND
basis of useful, measurable parameters, which are consistent NONCOHERENTCASES

with conventional communication system analysis methods, iSag giscussed in Sections | and II, the impact of noise received

seen as the main advantage of the presented model that pergits myitielement antenna is described by the conventional an-

its application to the analysis and design of systems using actjéina noise temperature or radiometric antenna tempef&iure
multielement antennas and to the specification, design, and @t which is given by

of such antennas as well.

The characteristic BFN parametef&ry and Tspy have
been derived and discussed for a generic beamforming networka = // Tap(0, p)FL(6, ¢)dQ // Fo (6, ¢)dQ (AL)
47 47

and the two most popular configurations called active-weighting
and passive-weighting architecture. For these architectures, . ) .
general power combiners, as well as their most common iffith Zar and £, being the apparent noise temperature dis-

plementations, have been considered. A comparison of actWQUtion seen by th_e antennan and th? antennq pattern, respec-
] ely [1]. Though this formulation basically applies to all types

and passive weighting has shown, that the active weighti § h th ¢ ttern 1o b din (A1) d d
configuration offers more flexibility at the expense of a perQ antennas, the antenna pattern to be used in (A1) depends

L ) . on the system bandwidth, if multielement (array) antennas are
formance degradation in terms of gain and noise temperature .

. : A . : onsidered.
for increased amplitude weightings. This degradation can be,

S ) . - .~ If the bandwidth of the considered system is comparably
minimized, however, by a suitable BFN design providing suffi- : . C .

. . o . >~ . small, which applies to most communication systems, the noise
cient electronic amplification. In contrast, the passive We'ght"}%ceived by the individual antenna elements can be treated like
architecture offers very limited or no reconfiguration possibilite

for th ded litude distribution b | -additional signals (coherent case), i.e., the same overall (array)
or the provided amplitude distribution but operates always Wit 5 pattern applies to both signals and received noise and

maximum BFN gain and minimum BFN noise temperature. isused in (A1) in order to deriv&. If a low sidelobe pattern is

The obtained general results have been illustrated by Sigsnerated, for example, external noise sources located in side-
ulations for a multifeed Ka-band reflector antenna, where thye directions do not affect, because corresponding noise
beamwidth can be selected betweerf Gfd 2.3 through the contriputions received by individual elements are cancelled

use of a suitable beamforming network. For reasons of cogyyt within the BEN in the same way as corresponding signals
parison, both active-weighting BFNs offering full beamwidti&oming from those directions.

flexibility, as well as passive-weighting equivalents for lim- |fthe bandwidth of the considered system is very large, which
ited switchable beamsizes, have been considered. Wherggglies to some radar applications, the situation is more com-
active-weighting BFNs cause a compensation of the directiviifex, since here the received noise must be treated in the same
and BFN gain changes leading to a change of the overaly as the internal noise sources of the antenna (noncoherent
antenna gain of only 0.8 dB over a beamwidth variation @fase). In this case, the noise receivecebgh antenna element
about 1:2.6, passive-weighting BFNs deliver a higher absoluten be described by individual antenna temperatiites to

gain and cause a gain change according to the directivityy » which are derived from (A1) using the individual situ
variation of about 6.5 dB. The described compensation effecteiement pattern for,,. Taking the antenna model shown in
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individual antenna temperaturéy ,, are equa| Ieading to [8] U.R.Kraft, H. Wolf, and E. Sommer, “Steerable antennas and arrays for
s satellite communications (in German: Steuerbare Antennen und Grup-
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elements. In this case, a cancellation of noise contributions from
different elements is not possible since noncorrelated noise
simply adds-up in the BFN power combiner which implies the

even for a low sidelobe (signal) pattern, noise sources locatec
sidelobe directions can significantly affect the overall antent
temperaturel’y as long as the element pattern do not vanis
for those directions. This effect can be a particular problem f
low sidelobe direct radiating arrays where low-gain anteni
elements are used having a wide field of view.
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