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� 
AbVWUacW² TKe ORZ-cRVW aQd cRPSacWQeVV Rf WUaQVPLW-aUUa\ 

aQWeQQaV (TAV) PaNe WKeP aWWUacWLYe fRU 5G bacNKaXO OLQNV.  
HRZeYeU, WKe TA adYaQWage LV OeVV RbYLRXV ZKeQ cRQVLdeULQg WKe 
bURadbaQd RSeUaWLRQ UeTXLUePeQW. TZR PaLQ facWRUV LQfOXeQce WKe 
baQdZLdWK SeUfRUPaQce: L) WKe baQdZLdWK Rf WKe XQLW ceOOV; LL) WKe 
QXPbeU Rf 360� SKaVe ZUaSSLQg ]RQeV LQ WKe aSeUWXUe, ZKLcK aUe 
deVLgQed fRU a VSecLfLc fUeTXeQc\. HeUeLQ, Ze RYeUcRPe WKeVe 
OLPLWaWLRQV b\ XVLQg aOO-dLeOecWULc XQLW ceOOV (LQKeUeQWO\ bURadbaQd) 
aQd b\ deYeORSLQg a geQeUaO PeWKRd WR TXaQWLf\ aQd PaQage WKe 
LQWULcaWe UeOaWLRQ beWZeeQ aQWeQQa gaLQ, baQdZLdWK aQd aQWeQQa 
KeLgKW. BaVed RQ WKLV fUaPeZRUN Ze RSWLPL]e, aV aQ e[aPSOe, a TA 
deVLgQ (fRcaO dLVWaQce, ࡲ ൌ ૟૜ ࢓࢓ aQd aSeUWXUe dLaPeWeU ࡰ ൌ
ૡ૙ ࢓࢓) WR cRPSO\ ZLWK W\SLcaO gaLQ VSecLfLcaWLRQ fRU 5G bacNKaXO 
OLQNV (>30 dBL) LQ WKe WLGLG baQd (fURP 57 WR 66 GH]). TKe feed 
LV a dedLcaWed cRPSacW KRUQ (ૡ ൈ ૞ ൈ ૛૛ ࢓࢓૜) WKaW SURYLdeV a 
SURSeU LOOXPLQaWLRQ Rf WKe aSeUWXUe.  AddLWLYe PaQXfacWXULQg LV 
XVed WR VLPSOLf\ WKe PaQXfacWXULQg SURceVV Rf WKe aQWeQQa. A YeU\ 
gRRd agUeePeQW beWZeeQ VLPXOaWLRQV aQd e[SeULPeQWaO UeVXOWV LV 
RbWaLQed, acKLeYLQg gRRd aSeUWXUe effLcLeQc\ fRU WKLV W\Se Rf 
aQWeQQa (42%), ZKLcK ULYaOV ZLWK e[LVWLQg VROXWLRQV baVed RQ PRUe 
e[SeQVLYe PaQXfacWXULQg WecKQLTXeV. 
 

IQdH[ THUPV²5G bacNKaXO OLQN, WLGLG baQd, TUaQVPLW-
AUUa\, V-baQd HRUQ aQWeQQa, AddLWLYe PaQXfacWXULQg 
 

I. INTRODUCTION 
HE PaVVLfLcaWLRQ Rf 5G ZLOO SLYRW RQ cRVW-effecWLYe 

WechQRORgLeV WhaW caQ VXSSRUW Whe deYeORSPeQW Rf Whe 
EQhaQced MRbLOe BURadbaQd (eMBB) SOaWfRUP. IQ Whe cRQWe[W 
Rf SLcR aQd fePWR ceOOV, WhaW ZLOO cRQVWLWXWe Whe OaQdVcaSe Rf 
fXWXUe 5G PRbLOe cRPPXQLcaWLRQV, e[WUePeO\ ORZ-cRVW 
bacNhaXO OLQNV beWZeeQ baVe VWaWLRQV aQd acceVV SRLQWV aUe 
UeTXLUed. MLOOLPeWeU-ZaYeV (PPW) SURYLde Whe QeceVVaU\ 
WhURXghSXWV ZLWh e[WUePeO\ ORZ deSOR\PeQW cRVW ZheQ 
cRPSaUed ZLWh fLbeU RSWLcV-baVed bacNhaXO VROXWLRQV. IQ 
SaUWLcXOaU, Whe WLGLG baQd fURP 57 WR 66 GH], RffeUV OaUge 
 

MaQXVcULSW UeceLYed OcWRbeU, 2019. ThLV ZRUN ZaV SaUWLaOO\ VXSSRUWed b\ 
gUaQW ISTA-BM-2016 aQd SaUWLaOO\ VXSSRUWed b\ FXQdaomR SaUa a CLrQcLa e 
TecQRORgLa (FCT) XQdeU SURMecWV PTDC/EEI-TEL/30323/2017 (³ADAM3D´) 
aQd UIDB/EEA/50008/2020. 

 SpUgLR A. MaWRV, JRUge R. CRVWa, JRUge P. TeL[eLUa aQd CaUORV A. FeUQaQdeV 
aUe ZLWh IQVWLWXWR de TeOecRPXQLcao}eV, IQVWLWXWR SXSeULRU TpcQLcR, 
UQLYeUVLdade de LLVbRa, AY. RRYLVcR PaLV 1, 1049-001 LLVbRa, PRUWXgaO (E-
PaLO: VegLR.PaWRV@O[.LW.SW; JRUge.cRVWa@O[.LW.SW; CaUORV.FeUQaQdeV@O[.LW.SW) 

JRUge R. CRVWa, JRUge P. TeL[eLUa aQd SpUgLR A. MaWRV aUe aOVR ZLWh IQVWLWXWR 
UQLYeUVLWiULR de LLVbRa (ISCTE-IUL), DeSaUWaPeQWR de CLrQcLaV e 

baQdZLdWhV RYeU XQOLceQVed VSecWUXP aQd hLgh fUeTXeQc\ UeXVe 
caSabLOLW\, LdeaO LQ deQVe ceOO eQYLURQPeQWV [1]. The eOecWURQLcV 
LQdXVWU\ LV UeVSRQdLQg WR WhLV cXUUeQW Qeed Rf LQcUeaVLQg Whe 
RSeUaWLQg fUeTXeQc\ b\ SURYLdLQg QeZ chLSVeW PPW aQWeQQa-
PRdXOeV [2]-[4]. PhaVed-aUUa\ cRQfLgXUaWLRQV cRXOd be aQ 
aOWeUQaWLYe, bXW Whe\ Oead WR e[ceVVLYe feedLQg QeWZRUN ORVVeV 
aQd WheLU cRVW VcaOeV ZLWh gaLQ aQd fUeTXeQc\ [5], [6] aV ZeOO aV 
DC cRQVXPSWLRQ. PURgUeVV haV beeQ Pade RQ cRPPeUcLaO 
LQWegUaWed hLgh gaLQ aQWeQQa VROXWLRQV fRU V-baQd [7], hRZeYeU, 
Whe cRVW Rf WheVe aQWeQQaV LV VWLOO Whe PaLQ bRWWOeQecN. HLgh 
fabULcaWLRQ SUecLVLRQ LV UeTXLUed WR PeeW Whe WROeUaQceV, ZhLch 
LPSacWV Whe aQWeQQa cRVW. TheUefRUe, Whe aQWeQQa deVLgQ VhRXOd 
aOVR aLP fRU a VLPSOe fabULcaWLRQ SURceVV. The RQgRLQg 
deYeORSPeQW Rf addLWLYe PaQXfacWXULQg caQ RffeU QeZ 
SRVVLbLOLWLeV fRU cRVW UedXcWLRQ. FRU e[aPSOe, dLeOecWULc OeQV-
baVed VROXWLRQV caQ beQefLW fURP Whe ORZ-cRVW Rf fXVed 
deSRVLWLRQ PRdeOLQg (FDM) WechQLTXe, RU LQMecWLRQ PROdLQg LQ 
PaVV SURdXcWLRQ. The dUaZbacN LV WhaW PaWeULaOV XVed LQ WheVe 
WechQRORgLeV WeQd WR be ORVV\, VXch aV ABS-M30 (ߝ௥ ൌ
2.48, tan 𝛿 ൌ 0.009)).  

AQ LQWeQVLYe UeVeaUch effRUW LV beLQg caUULed RXW WR achLeYe a 
VROXWLRQ WhaW caQ deOLYeU hLgh gaLQ (W\SLcaOO\ abRYe 30 dBL [1]) 
LQ Whe eQWLUe WLGLG baQd [8], [9] ZLWh Whe ORZeVW SRVVLbOe cRVW. 
IQ [8], Whe aXWhRUV LQWegUaWed a 3D SULQWed eOOLSWLcaO chRSSed 
dLeOecWULc OeQV ZLWh a FR4 PCB aQWeQQa-VRXUce WR faYRU gaLQ 
eQhaQcePeQW aW ORZ-cRVW. HRZeYeU, Whe gaLQ SeUfRUPaQce Rf 
WhLV VROXWLRQ ZaV OLPLWed b\ Whe UadLaWLRQ effLcLeQc\ Rf Whe FR4 
SULPaU\ feed aQWeQQa aQd b\ Whe dLeOecWULc ORVVeV Rf Whe OeQV 
PaWeULaO.  IQ [10], Whe aXWhRUV VhRZed WhaW WhRVe ORVVeV cRXOd be 
UedXced b\ XVLQg a WUaQVPLW-aUUa\ (TA) OeQV ± VRPeWLPeV 
deVLgQaWed aV dLVcUeWe dLeOecWULc OeQV (DDL). We VhRZed WhaW 
Whe aQWeQQa UadLaWLRQ effLcLeQc\ LQcUeaVed fURP 60% WR 83% 
ZheQ a PLA chRSSed eOOLSWLcaO OeQV ZaV UeSOaced b\ aQ 
eTXLYaOeQW PLA TA. OWheU 3D SULQWed DDL deVLgQV caQ be 
fRXQd LQ Whe OLWeUaWXUe [11]-[17]. AchLeYLQg hLgh gaLQ LV TXLWe 

TecQRORgLaV da IQfRUPaomR AY. daV FRUoaV AUPadaV, 1649-026 LLVbRa, 
PRUWXgaO (JRUge_PedUR_TeL[eLUa@LVcWe-LXO.SW) 

NRXU Nachabe, C. LX[e\, DLaQe TLW],, JeaQ-PhLOLSSe GaUQeUR aQd JeaQ-
FUaQoRLV VL]]aUL aUe ZLWh PRO\Wech¶Lab, UQLYeUVLWp NLce SRShLa AQWLSROLV, 
06560 VaObRQQe, FUaQce. 

F. GLaQeVeOOR, LV ZLWh STMLcUReOecWURQLcV, 38920 CUROOeV, FUaQce. 
CaUORV deO RLR LV ZLWh UQLYeUVLdad P~bOLca de NaYaUUa, UPNA, PaPSORQa, 

SSaLQ 
AQa AUbROe\a LV ZLWh ZLWh UQLYeUVLdad Re\ JXaQ CaUORV, MadULd, SSaLQ. 
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VWUaLghWfRUZaUd, hRZeYeU, Whe chaOOeQge LV WR RYeUcRPe Whe 
baQdZLdWh OLPLWaWLRQ caXVed b\ Whe QXPbeU Rf 360� ShaVe MXPS 
]RQeV WhaW dLUecWO\ cRUUeOaWeV ZLWh Whe F/D UaWLR. IQ [13] Whe 
baQdZLdWh SURbOeP ZaV VROYed b\ LQcUeaVLQg Whe fRcaO dLVWaQce 
XQWLO OeQV ]RQLQg dLVaSSeaUV. ThLV OeadV WR OaUge fRcaO OeQgWhV 
(𝐹/𝐷 ൌ 2.8) ZhLch LPSacWV RQ Whe aQWeQQa heLghW. A cOeYeU 
VchePe LV SURSRVed LQ [13] WR UedXce Whe fRcaO dLVWaQce b\ a 
facWRU Rf 3 XVLQg a SROaUL]aWLRQ URWaWLRQ UeÀecWLRQ VXUface aQd 
SROaUL]aWLRQ gULd. HRZeYeU, WheVe aQWeQQaV becRPe LQheUeQWO\ 
VLQgOe SROaUL]aWLRQ aQd Whe addLWLRQaO cRPSOe[LW\ Rf Whe 
cRQfLgXUaWLRQ LPSacWV RQ Whe aQWeQQa-V\VWeP aQd WeUPLQaO cRVW.  

IQ WhLV ZRUN, Ze SUeVeQW a deVLgQ SURcedXUe fRU dLeOecWULc TAV 
aQWeQQaV (RU DDL) WhaW RSWLPL]e Whe cRPSURPLVe beWZeeQ 𝐹/𝐷  
UaWLR, gaLQ aQd baQdZLdWh. We XVe RXU gXLdeOLQeV WR VhRZ WhaW 
aQ aOO-dLeOecWULc TA aQWeQQa caQ be a YLabOe affRUdabOe RSWLRQ 
WR PeeW Whe VSecLfLcaWLRQV fRU bURadbaQd bacNhaXO cRQQecWLRQV 
aW V-baQd. The XQLW ceOO deVLgQ SURcedXUe Rf TAV SURYLdeV a 
fUeVh SeUVSecWLYe LQWR Whe cOaVVLcaO WRSLc Rf FUeVQeO ZRQe POaWe 
LeQV [14]. ASSO\LQg Whe VaPe aSSURach XVed LQ [23] WR eYaOXaWe 
Whe VcaQQLQg SeUfRUPaQce Rf a PeWaO-baVed PXOWLOa\eUed TA, 
Ze dePRQVWUaWe WhaW LW LV SRVVLbOe WR achLeYe a cORVed-fRUP 
e[SUeVVLRQ WhaW accXUaWeO\ caSWXUeV Whe UeOaWLRQ beWZeeQ gaLQ, 
baQdZLdWh aQd fRcaO dLVWaQce. The VLPSOLcLW\ Rf WhLV PeWhRd 
cRQWUaVWV ZLWh Whe cRPSOe[LW\ Rf Whe GO/PO LQWegUaO 
fRUPXOaWLRQ XVed LQ [15] fRU FZPL. FXUWheUPRUe, LW SURYLdeV a 
dLUecW UeOaWLRQ beWZeeQ gaLQ aQd baQdZLdWh WhaW LV QRW caSWXUed 
b\ Whe XVXaO aSSURach Rf LPSRVLQg a Pa[LPXP ShaVe eUURU 
cULWeULa [16]. 

A cRPSacW 3D-SULQWed PeWaO-cRaWed SRO\PeU cRUUXgaWed 
hRUQ aQWeQQa LV aOVR VSecLaOO\ deVLgQed WR SURYLde SURSeU 
LOOXPLQaWLRQ Rf Whe OeQV. MeWaO 3D SULQWed cRUUXgaWed hRUQV 
e[hLbLW gRRd SeUfRUPaQceV aW W baQd RU eYeQ XS WR 300 GH] 
[18]-[20], bXW Whe PeWaO cRaWLQg Rf 3D-SULQWed SRO\PeU SaUWV LV 
a PRUe affRUdabOe WechQLTXe [20]. AV Whe fUeTXeQc\ LQcUeaVeV, 
WhLV SURceVV becRPeV PRUe chaQgeOLQg dXe WR Whe LQcUeaVe Rf 
VeQVLWLYLW\ WR Whe VXUface URXghQeVV aQd cRaWLQg cRQdXcWLYLW\, 
bXW WhaQNV WR Whe cXUUeQW eYROXWLRQ Rf WhLV WechQRORg\ [21], LW LV 
QRZ a cRVW-effecWLYe aOWeUQaWLYe fRU V-baQd.  

ThLV dePRQVWUaWeV WhaW Whe ZhROe aQWeQQa SURdXcWLRQ caQ be 
baVed RQ addLWLYe PaQXfacWXULQg, OeadLQg WR a cRPSacW (𝐹/𝐷 ൌ
0.8) aQWeQQa V\VWeP aW Whe V-baQd ZLWh hLgh gaLQ (>30 dBL) aQd 
gRRd aSeUWXUe effLcLeQc\ (42%).  

IQ VecWLRQ II, Whe deVLgQ gXLdeOLQeV fRU a DDL aUe SURYLded 
baVed RQ a GO/PO aQaO\VLV. IQ VecWLRQ III, Ze LPSOePeQW WheVe 
gXLdeOLQeV WR deVLgQ aQ aQWeQQa (feed aQd OeQV) cRPSOLaQW ZLWh 
Whe gaLQ VSecLfLcaWLRQV fRU WLGLG 5G bacNhaXO OLQNV. FLQaOO\, 
VecWLRQ IV addUeVVeV Whe PeaVXUed UeVXOWV. 

II. DIELECTRIC TRANSMIT-ARRAY 
IQ a TA each SRUWLRQ Rf Whe aSeUWXUe acWV aV a VSaWLaO ShaVe 
VhLfWeU ± Whe XQLW ceOO ± WhaW addV WR Whe LQcRPLQg ShaVe ߶௜௡, a 
SUeVcULbed ShaVe deOa\ ߶௟௘௡௦ , VXch WhaW ߶௢௨௧ ൌ ߶௜௡ ൅ ߶௟௘௡௦ . 
The XQLW ceOOV aUe deVLgQed aV Lf Whe Ua\V SaVVLQg WhURXgh Whe 
OeQV aUe SeUSeQdLcXOaU WR LWV VXUface, ZhLch caQ be a UeaVRQabOe 
aSSUR[LPaWLRQ fRU ORZ OeQV WhLcNQeVVeV aQd ORZ LQcLdeQce 
aQgOeV (FLg. 1). IQ WhLV ZRUN, Whe XQLW ceOO LV a SaUaOOeOeSLSed ZLWh 

heLghW ℎ௠௔௫ , cRPSRVed Rf a dLeOecWULc (ABS-M30) ZLWh heLghW 
ℎ, aQd aLU (RccXS\LQg Whe UePaLQLQg YROXPe). The cRQWURO Rf Whe 
XQLW ceOO ShaVe VhLfW LV RbWaLQed b\ YaU\LQg Whe dLeOecWULc heLghW 
ℎ, ZheUe ߝ௥ LV Whe UeaO SaUW Rf Whe dLeOecWULc SeUPLWWLYLW\ aQd 𝑘଴ 
LV Whe fUee-VSace ZaYeQXPbeU. CRQVLdeULQg a PLQLPXP heLghW 
dLffeUeQW fURP ]eUR aYRLdV haYLQg a OeQV cRPSRVed b\ VeSaUaWed 
aQQXOaU UegLRQV. HeUeLQ, Ze cRQVLdeU ℎ௠௜௡ ൌ 1 𝑚𝑚, ZhLch LV 
eQRXgh fRU Whe OeQV VWUXcWXUaO LQWegULW\. OQ Whe RWheU haQd, Whe 
heLghW ℎ௠௔௫  LV fL[ed WR SURYLde Whe XVXaO 360� ShaVe VSaQ LQ TA 
deVLgQ fRU a gLYeQ ZaYeOeQgWh ߣ଴. The aSeUWXUe LV deVLgQed WR 
SURdXce bRUeVLghW cROOLPaWLRQ b\ dLVWULbXWLQg Whe XQLW ceOOV 
accRUdLQg WR Whe SURfLOe 
 

ℎሺ𝑟ሻ ൌ ℎ଴ ൅
𝐹 െ ∆𝑙 ൅ 𝑚ߣ଴

௥ߝ√ െ 1
, 𝑅௠ ൏ 𝑟 ൏ 𝑅௠ାଵ 

 
(1) 

WheUe ℎ଴ LV Whe ceQWUaO heLghW Rf Whe OeQV (𝑟 ൌ 0ሻ,   ∆𝑙 ൌ
ඥ𝑟௜

ଶ ൅ 𝐹ଶ െ 𝐹 (Vee FLg. 1) aQd 𝑚 defLQeV Whe ]RQe Rf Whe OeQV 
XS WR a WRWaO Rf K ]RQeV.  The UadLaO SRVLWLRQV Rf Whe WUaQVLWLRQV 
beWZeeQ ]RQeV aUe defLQed b\ Whe cRQdLWLRQ ℎሺ𝑅௠ሻ ൌ ℎ௠௜௡ . We 
cRQVLdeUed Whe W\SLcaO haOf ZaYeOeQgWh XQLW ceOO VL]e,  𝑤 ൌ
2.5 𝑚𝑚 ቀఒబ

ଶ
@ 60 𝐺𝐻𝑧ቁ UeVXOWLQg LQ Whe VWeSZLVe OeQV SURfLOe 

gLYeQ LQ FLg. 1. The UadLaO V\PPeWU\ Rf WhLV SURbOeP aOORZV 
aVVePbOLQg Whe OeQV XVLQg cRQceQWULc aQQXOL ZLWh fL[ed 
ZLdWhV 𝑤, aV UeSUeVeQWed LQ Whe LQVeW Rf FLg. 1. The dLffUacWLRQ 
effecWV aUe WheQ UedXced ZheQ cRPSaUed ZLWh a fXOO\ SL[eOL]ed 
YeUVLRQ Rf Whe OeQV.  

 
The RXWgRLQg eOecWULc fLeOd fURP Whe TA LQ a SOaQe Rf cRQVWaQW 
ShaVe (gUeeQ daVhed OLQeV LQ FLg. 1) caQ be aSSUR[LPaWed b\ 
GaXVVLaQ aPSOLWXde dLVWULbXWLRQ ZLWh VWaQdaUd deYLaWLRQ ߪ 

𝐸ሬ⃗ ௔௕ሺ𝑟ሻ ൎ 𝑒ି ೝమ

మ഑మ𝑒௝஍೚ೠ೟𝑢ሬ⃗ ா. (2) 
 

ZheUe Φ௢௨௧ YaULeV ZLWh ZaYeOeQgWh aV a VWeSZLVe fXQcWLRQ  

Φ௢௨௧ ൌ െ2ߨ𝑚 ఒబ
ఒ

,   𝑅௠ ൏ 𝑟 ൏ 𝑅௠ାଵ. (3)  

WLWh 𝑚 ൌ ሼ0,1, . . , 𝐾ሽ. The VWaQdaUd deYLaWLRQ ߪ LV UeOaWed WR Whe 
WaSeU OeYeO, ߬ ௗ஻,  𝐸௔௕ሺ𝑟 ൌ 𝐷 2⁄ ሻ ൌ 10ିఛ೏ಳ/ଶ଴. The W\SLcaO WaSeU 
YaOXe LV ߬ௗ஻ ൌ 10  dB ZhLch eQVXUeV a gRRd cRPSURPLVe 
beWZeeQ ORVVeV dXe WR Whe VSLOORYeU aQd VXb-LOOXPLQaWLRQ Rf Whe 
aSeUWXUe. AV Whe SRVLWLRQ Rf Whe 360� ShaVe WUaQVLWLRQV deSeQdV 
RQ Whe RSeUaWLQg fUeTXeQc\, ShaVe eUURUV bXLOd-XS aV Whe QXPbeU 
Rf OeQV ]RQeV LQcUeaVeV. CRQVLdeULQg Whe GaXVVLaQ 

FLg. 1.  WRUNLQg SULQcLSOe Rf a dLeOecWULc WUaQVPLW-aUUa\ fRU beaP cROOLPaWLRQ. 
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aSSUR[LPaWLRQ , Whe LQWegUaWLRQ Rf Whe fLeOdV Rf Whe aSeUWXUe caQ 
be dRQe aQaO\WLcaOO\ XVLQg GO/PO aQaO\VLV. The dLUecWLYLW\ fRU 
Whe bRUeVLghW dLUecWLRQ caQ WheQ be caOcXOaWed e[SOLcLWO\ 
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LV Whe dLUecWLYLW\ Rf a cLUcXOaU aSeUWXUe ZLWh cRQVWaQW ShaVe (ߣ 
 ଴) aQd GaXVVLaQ LOOXPLQaWLRQ, aV LQ ET.8 Rf [23]. 𝑅௠ LVߣ=
defLQed b\ ℎ௜ሺ𝑅௠ሻ ൌ ℎ௠௜௡ ZLWh 𝑚 ൌ ሼ0,1, . . , 𝐾ሽ aQd VLQce Whe 
OaVW ]RQe caQ be WUXQcaWed, 𝑅௄ାଵ ൌ 𝐷 2⁄ .  We LQWURdXce Whe 
SaUaPeWeU 𝑠்஺ aV Whe TA VcaOLQg facWRU WhaW accRXQWV fRU RWheU 
effecWV WhaW ZeUe QRW cRQVLdeUed LQ WhLV GO/PO aQaO\VLV, VXch aV 
XQLW ceOO UefOecWLRQ aQd LQVeUWLRQ ORVVeV, aSeUWXUe LOOXPLQaWLRQ 
VSLOORYeU aQd ShaVe eUURUV caXVed b\ UefUacWLRQ aQd dLffUacWLRQ 
(ZhLch aUe PRUe VLgQLfLcaQW QeaU Whe OeQV 360� ShaVe 
WUaQVLWLRQV). LRRNLQg aW a ZLde YaULeW\ Rf dLffeUeQW W\SeV Rf TAV, 
𝑠்஺ LV W\SLcaOO\ beORZ 50% [23]. TheUefRUe, Ze cRQVLdeUed  
𝑠்஺ ൌ 3 dB fRU Whe deVLgQ SURceVV. AV VhRZQ LQ [10], Whe 
UadLaWLRQ effLcLeQc\ Rf WheVe dLeOecWULc TAV LV hLgh, aOORZLQg WR 
aSSUR[LPaWe Whe aQWeQQa gaLQ b\ LWV dLUecWLYLW\. The aSeUWXUe 
dLPeQVLRQ aQd Whe fRcaO dLVWaQce caQ WheQ be defLQed fURP a 
gLYeQ gaLQ aQd baQdZLdWh cULWeULa accRUdLQg WR (4) aQd (5).   

III. DESIGN OF A TRANSMIT-ARRAY LENS FOR WIGIG BAND 
AQ aQWeQQa fRU 5G bacNhaXO ZLUeOeVV OLQNV QeedV WR deOLYeU hLgh 
gaLQ, W\SLcaOO\ abRYe 30 dBL [1]. WLGLG baQd XVXaOO\ UefeUV WR 
Whe [57-66] GH] baQd accRUdLQg WR 802.11.ad VWaQdaUd, bXW 
UeceQWO\ aQ e[WeQded WLGLG baQd ZaV defLQed (802.11.a\) 
cRYeULQg [57-70] GH] (Vee LQVeW Rf FLg. 2)  

A. TA deVign 
We VeW a 31 dBL dLUecWLYLW\ 𝐷଴, WR gLYe a 1 dB PaUgLQ WR 
accRPPRdaWe Whe baQdZLdWh OLPLWaWLRQ Rf Whe TA LQ Whe 
VSecLfLed gaLQ cULWeULa. The aSeUWXUe dLPeQVLRQ fROORZV fURP : 
𝐷଴ሺ𝐷ሻ ൌ 31 ሺdBiሻ → 𝐷 ൎ 80 ሺmmሻ. The Pa[LPXP QXPbeU Rf 
ShaVe WUaQVLWLRQV LV deWeUPLQed b\ Whe 𝐹/𝐷 UaWLR, ZheUe 𝐹 LV Whe 
fRcaO dLVWaQce. FRU WhLV aSeUWXUe VL]e, Ze XVe eTXaWLRQ  WR 
eVWLPaWe Whe PLQLPXP fRcaO dLVWaQce WhaW cRPSOLeV ZLWh Whe 30-
dBL PLQLPXP gaLQ cULWeULa Rf Whe WLGLG baQd. B\ VeWWLQg  ℎ଴ ൌ
ℎ௠௔௫  Whe UadLXV Rf Whe fLUVW OeQV ]RQe (𝑚 ൌ 0ሻ, ZhLch haV QR 
baQdZLdWh OLPLWaWLRQ, LV Pa[LPXP. NegOecWLQg VecRQd RUdeU 
effecWV, WhLV cRQdLWLRQ Pa[LPL]eV Whe OeQV baQdZLdWh aV ZeOO. 
LaWeU, fXOO-ZaYe VLPXOaWLRQV aUe ePSOR\ed WR WXQe WhLV 
SaUaPeWeU, fXUWheU RSWLPL]LQg Whe gaLQ aQd OeQV baQdZLdWh. IQ 
WhLV caVe, Whe ShaVe WUaQVLWLRQ RccXUV aW 𝑅௠ ൌ
ඥ𝑚ଶߣ଴

ଶ ൅ 2𝐹ߣ଴𝑚. IQ FLg. 2 Ze SORW  fRU VeYeUaO F/D UaWLRV aQd 
VeOecW Whe PLQLPXP YaOXe WhaW cRPSOLeV ZLWh Whe gaLQ cULWeULa 
fRU Whe e[WeQded WLGLG baQd, cRUUeVSRQdLQg WR 𝐹/𝐷 ൌ 0.8.  
FLg. 2 caSWXUeV Whe LQWeUSOa\ beWZeeQ Whe deSeQdeQce Rf 𝐷௠௔௫ 
ZLWh fUeTXeQc\ aQd Whe gaLQ degUadaWLRQ dXe WR Whe ShaVe eUURU 

caXVed b\ Whe ]RQLQg SURceVV. FRU 𝐹/𝐷 ൐ 2 QR ]RQLQg RccXUV 
(𝐾 ൌ 0) WhXV 𝐷௠௔௫ ൌ 𝐷଴. 

 
B. Feed SeUfoUmance 
AccRUdLQg WR Whe deVLgQed DDL OeQV, a fRcaO UaWLR 𝐹/𝐷 ൌ0.8 
aQd ߬ௗ஻ ൌ10 dB WaSeU OeYeO LPSOLeV a 13 dBL feed dLUecWLYLW\ 
[23]. A dedLcaWed cRPSacW cRUUXgaWed hRUQ aQWeQQa ZaV 
deVLgQed aQd fabULcaWed (8 ൈ 5 ൈ 22 𝑚𝑚ሻ. IW LV ZLdebaQd aQd 
haV a VWabOe UadLaWLRQ SaWWeUQ LQ Whe WLGLG baQd (57-66 GH]). 
The SeUfRUPaQce Rf WhLV deVLgQ LV VhRZQ LQ FLg. 3. A 13 dBL cR-
SRO gaLQ ZaV achLeYed LQ Whe eQWLUe WLGLG baQd fURP 56 WR 67 
GH], ZLWh hLgh UadLaWLRQ effLcLeQc\ (>85%), ORZ cURVV 
SROaUL]aWLRQ (>27 dB), aQd gRRd SROaUL]aWLRQ SXULW\ (>27 dBL). 
MeaVXUed aQd VLPXOaWed gaLQV agUee YeU\ ZeOO.  

 

IV. ANTENNA MEASUREMENTS 
The PeaVXUePeQW caPSaLgQ fRU Whe UadLaWLRQ SaWWeUQV ZaV 
cRQdXcWed LQ RXU LQ-hRXVe PeaVXUePeQW V\VWeP: a VSheULcaO 
PeaVXUePeQW UaQge caSabOe Rf SeUfRUPLQg aPSOLWXde-RQO\ 
acTXLVLWLRQV XS WR 140 GH] aW fL[ed dLVWaQceV Rf 20 cP, 40 cP 
aQd 60 cP (FLg. 4 a).  CRQVLdeULQg Whe PaLQ dLagRQaO Rf Whe OeQV, 
Whe faU-fLeOd (FF) dLVWaQce aW 66 GH] LV 6.13 P. ThXV, LW LV 
QeceVVaU\ WR UeVRUW WR QeaU-fLeOd WR faU-fLeOd (NF-FF) 
WUaQVfRUPaWLRQ WechQLTXeV WR RbWaLQ Whe UadLaWLRQ SaWWeUQ. The 
ePSOR\ed ShaVeOeVV NF-FF aOgRULWhP LV baVed RQ Whe ShaVeleVV 
SoXUceV ReconVWUXcWion MeWhod (SSRM) [24]. The SSRM LV aQ 
LWeUaWLYe ShaVeOeVV WechQLTXe ZhLch UeOLeV RQ Whe VSaWLaO 
YaULabLOLW\ Rf Whe NF ZLWh dLVWaQce aQd, WheUefRUe, LW UeTXLUeV 
aPSOLWXde LQfRUPaWLRQ fURP WZR RU PRUe NF acTXLVLWLRQ 
VXUfaceV. The PaLQ adYaQWage Rf LWeUaWLYe WechQLTXeV LV WhaW Whe\ 
dR QRW UeTXLUe aQ\ PRdLfLcaWLRQ Rf Whe PeaVXUePeQW VeWXS ZLWh 

 
FLg. 2.  PO/GO dLUecWLYLW\ 𝐷௠௔௫ YaULaWLRQ ZLWh fUeTXeQc\, ET. , fRU dLffeUeQW 
fRcaO dLVWaQceV cRQVLdeULQg 𝐷 ൌ 80 𝑚𝑚 WdB=10 dB aQd 𝑠்஺ ൌ 3 dB 
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FLg. 3.  RadLaWLRQ SaWWeUQV Rf Whe PaQXfacWXUed hRUQ aQWeQQa . 
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UeVSecW WR a UegXOaU FF acTXLVLWLRQ. HRZeYeU, WheUe LV a ULVN Rf 
VWagQaWLRQ Rf Whe aOgRULWhP dXe WR Whe XVe Rf LWeUaWLYe VROYeUV fRU 
QRQOLQeaU V\VWePV Rf eTXaWLRQV. ThLV ULVN becRPeV hLgheU ZheQ 
Whe YaULabLOLW\ Rf Whe fLeOd ZLWhLQ Whe NF acTXLVLWLRQ VXUfaceV LV 
ORZ, aV PLghW be Whe caVe ZLWh OeQV aQWeQQaV, \LeOdLQg OeVV 
accXUaWe FF UeVXOWV. The fLeOd aPSOLWXde LV acTXLUed aW WZR 
VSheULcaO VXUfaceV ZLWh UadLL Rf 40 cP aQd 60 cP. The VaPSOLQg 
UaWe LV Ȝ/4 aW Whe hLgheVW fUeTXeQc\ Rf Whe baQd, 66 GH], aV 
UeTXLUed WR SeUfRUP ShaVeOeVV NF-FF WUaQVfRUPaWLRQV [25]. DXe 
WR PechaQLcaO UeVWULcWLRQV Rf Whe VeWXS, Whe acTXLVLWLRQ VXUfaceV 
aUe WUXQcaWed WR a ࢥ aQd ș aQgXOaU UaQge Rf [-25�, 25�], \LeOdLQg 
a YaOLd PaUgLQ Rf Whe FF daWa Rf [-14�, 14�] LQ bRWh a[eV [25].  IQ 
FLg. 5 Whe FF aPSOLWXde aQd ShaVe Rf Whe cRSROaU cRPSRQeQW Rf 
Whe fLeOd, cRPSXWed fURP Whe NF ShaVeOeVV acTXLVLWLRQV LV 
cRPSaUed ZLWh fXOO-ZaYe VLPXOaWLRQ fRU Whe E-SOaQe Rf Whe 
cRSROaU cRPSRQeQW. The agUeePeQW beWZeeQ PeaVXUePeQWV aQd 
VLPXOaWLRQV LV gRRd ZLWhLQ Whe YaOLd PaUgLQ aUea, Vhaded LQ 
gUe\. The PaLQ VRXUceV Rf Whe UeWULeYaO eUURU aUe UeOaWed WR Whe 
WUXQcaWLRQ Rf Whe acTXLVLWLRQ SOaQeV aQd Whe accXUac\ Rf Whe 
ShaVe UeWULeYaO PeWhRd aQd, WR a OeVVeU e[WeQW, PechaQLcaO 
deYLaWLRQV Rf Whe URbRWLc aUPV aQd UaQdRP eUURUV Rf Whe RF 
LQVWUXPeQWaWLRQ. FLQaOO\, Whe aQWeQQa gaLQ ZaV cRPSXWed b\ 
PeaQV Rf Whe ZeOO-NQRZQ LQWeUcRPSaULVRQ PeWhRd [26] ZLWh a 
VWaQdaUd gaLQ hRUQ. The PeWhRd LV adaSWed fRU NF acTXLVLWLRQV 
LQ RUdeU WR cRPSeQVaWe Whe YaULaWLRQ LQWURdXced b\ Whe NF-FF 
WUaQVfRUPaWLRQ WR Whe UadLaWLRQ SaWWeUQ aQd WhXV, Whe gaLQ LV 
gLYeQ b\ 𝐺௟௘௡௦,ிி ൌ  𝐺௟௘௡௦,ேி ൅ ൫𝐷௟௘௡௦,ிி െ 𝐷௟௘௡௦,ேி൯,  ZheUe 
𝐺௟௘௡௦,ேி LV Whe PeaVXUed gaLQ LQ NF, 27.16 dBL aW 60 GH]. 
𝐷௟௘௡௦,ிி  aQd 𝐷௟௘௡௦,ேி aUe dLUecWLYLWLeV fURP FF aQd NF 
UeVSecWLYeO\, cRPSXWed fURP SaWWeUQ LQWegUaWLRQ Rf Whe e[WUacWed 
FF SaWWeUQ b\ PeaQV Rf Whe SSRM aQd Whe WUXQcaWed NF 
aPSOLWXde-RQO\ acTXLVLWLRQV UeVSecWLYeO\. The RbWaLQed YaOXeV 
aW 60 GH] aUe 34.67 aQd 29.95 dBL, \LeOdLQg a FF gaLQ YaOXe Rf 
31.9 dBL.  The fLQaO FF gaLQ YaOXeV fRU Whe UeVW Rf Whe VWXdLed 
fUeTXeQcLeV aUe gaWheUed LQ FLg. 6 aQd cRPSaUed ZLWh Whe UeVXOWV 
RbWaLQed fURP fXOO-ZaYe VLPXOaWLRQV aQd Whe PO/GO aQaO\VLV. 
BaVed RQ SUeYLRXV PeaVXULQg e[SeULeQceV, Ze eVWLPaWe WhaW Whe 
XQceUWaLQW\ Rf PeaVXUed gaLQ LV േ1.2 dB (cRUUeVSRQdLQg WR Whe 
eUURU baUV LQ FLg. 6), ZhLch LV LQ OLQe ZLWh Whe e[SecWed accXUac\ 
Rf WheVe W\SeV Rf aOgRULWhPV [24][25]. AccRUdLQg WR fXOO-ZaYe 
VLPXOaWLRQV WhLV aQWeQQa SURYLdeV a UadLaWLRQ effLcLeQc\ Rf 91% 
ZLWh a beaP effLcLeQc\ Rf 52% aW 60 GH]. AV LQWeQded Whe gaLQ 
LV hLgheU WhaQ Whe UeTXLUed 30 dBL ZLWhLQ Whe cRPSOeWe RSeUaWLQg 
baQd. IW LV aOVR ZRUWh PeQWLRQLQg WhaW Whe TA dReV QRW affecW Whe 
UeWXUQ ORVV Rf Whe hRUQ. The 𝑆ଵଵ Rf Whe cRPSOeWe aQWeQQa 
(HRUQ+LeQV) LV aOZa\V beORZ -15 dB LQ Whe eQWLUe baQd Rf 
RSeUaWLRQ. IQ TABLE 1 Whe deYeORSed TA LV cRPSaUed ZLWh 
RWheU UeceQW deVLgQV. DLffeUeQW W\SeV Rf OeQVeV aUe cRQVLdeUed: 
fXOO dLeOecWULc TA PaQXfacWXUe ZLWh FDM 3D-SULQWLQg (3D 
FDM TA); a TA Rf VWacNed PeWaOOLc Oa\eUV ePbedded LQ a 
dLeOecWULc hRVW PedLXP (MeWaOOLc TA); aQd a FUeVQeO ZRQe POaWe 
LeQV (FZPL). We cRQcOXde WhaW Whe SURSRVed VROXWLRQ SURYLdeV 
a gRRd baOaQce beWZeeQ 𝐹/𝐷, gaLQ (𝐺ிிሻ aQd 1 dB baQdZLdWh 
(1 dB BW) ZLWh VLPSOe deVLgQ aQd PaQXfacWXULQg SURceVVeV.   
 

 
FLg. 4.  (a) NF acTXLVLWLRQ VeWXS; NF acTXLUed daWa (b) aQd cRUUeVSRQdLQg ShaVe 
XVLQg SSRM (b), aORQg PaLQ cXWV fRU 60 GH] aW 40 cP.  

 

 
FLg. 6. ± GaLQ cRPSaULVRQ ZLWh PO/GO aQaO\VLV fRU a VTXaUe aSeUWXUe (𝑠்஺ ൌ
2.3 𝑑𝐵 LQ (5)), fXOO-ZaYe VLPXOaWLRQV aQd NN-FF caOcXOaWLRQ.    
 

TABLE 1. 
COMPARISON WITH PREVIOUS RELATED WORKS 

AQWeQQa ࢌ૙ሺࢠࡴࡳሻ  ࡲࡲࡳ ࡰ/ࡲ  ૙ሻࣅሺࡰ
ሺ࢏࡮ࢊሻ 

 ࢈ࢇࣁ
(%) 

1dB BW 
(%) 

ThiV ZoUk 60.0 16.0 0.78 31.9 48 15 
3D FDM 
TA [27] 60.0 9.50 0.42 23.0 18 16 

3D FDM 
TA [13] 60.0 40.0 2.50 37.5 36 43 

MeWaOOLc 
TA [9] 61.5 20.5 0.70 32.5 43 15 

FZPL [28] 60.0 30.0 0.88 36.0 45 6 

V. CONCLUSIONS 

The SaSeU LQWURdXceV GENERAL deVLgQ UXOeV fRU cRQWUROOLQg Whe 
RSeUaWLRQ baQdZLdWh Rf TA aQWeQQaV, WR RYeUcRPe Whe 
OLPLWaWLRQ Rf aSeUWXUe ShaVe-ZUaSSLQg aVVRcLaWed OLPLWaWLRQV. IQ 
NQRZQ deVLgQV, Whe F/D UaWLR LV defLQed XVLQg heXULVWLc 
aVVXPSWLRQV. HeUeLQ, a cORVed fRUP e[SUeVVLRQ LV SUeVeQWed WR 
fLQd Whe RSWLPaO F/D UaWLR Rf Whe aQWeQQa accRUdLQg WR gaLQ aQd 
baQdZLdWh cULWeULa. A hRUQ aQWeQQa fRU Whe V-baQd ZaV aOVR 
deVLgQed fRU WhLV VSecLfLc aSSOLcaWLRQ. The aQWeQQa deVLgQ 
SULYLOegeV a VLPSOe, ORZ-cRVW fabULcaWLRQ SURceVV baVed RQ Whe 
PRVW affRUdabOe 3D SULQWLQg WechQLTXeV, PaNLQg LW a cRVW-
effecWLYe aOWeUQaWLYe WR e[LVWLQg VROXWLRQV fRU PP-ZaYe hLgh-
gaLQ aQWeQQaV. The SUeVeQWed aQWeQQa e[aPSOe LV LQWeQded fRU 
fRU 5G bacNhaXO cRPPXQLcaWLRQ OLQNV aW WLGLG baQd. 

  
FLg. 5. NRUPaOL]ed UadLaWLRQ SaWWeUQ (E-SOaQe) aW 60 GH].  
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