
US 20210126378A1 
IN 

( ( 19 ) United States 
( 12 ) Patent Application Publication ( 10 ) Pub . No .: US 2021/0126378 A1 

( 43 ) Pub . Date : Apr. 29 , 2021 Han et al . 

( 54 ) INTEGRATED CIRCUIT - TO - WAVEGUIDE 
SLOT ARRAY COUPLER 

( 71 ) Applicant : Massachusetts Institute of 
Technology , Cambridge , MA ( US ) 

HOIP 3/02 ( 2006.01 ) 
H04B 3/52 ( 2006.01 ) 

( 52 ) U.S. Ci . 
CPC H01Q 21/0075 ( 2013.01 ) ; H04B 3/52 

( 2013.01 ) ; HOIP 37026 ( 2013.01 ) ; HOIQ 
21/064 ( 2013.01 ) ( 72 ) Inventors : Ruonan Han , Winchester , MA ( US ) ; 

Cheng Wang , Cambridge , MA ( US ) 

( 21 ) Appl . No .: 17 / 074,918 ( 57 ) ABSTRACT 

( 22 ) Filed : Oct. 20 , 2020 

Related U.S. Application Data 
( 60 ) Provisional application No. 62 / 925,382 , filed on Oct. 

24 , 2019 . 

A coupler comprising a silicon substrate with one or more 
double slot radiators configured to transmit or receive an RF 
signal , a slot balun circuit configured to isolate the RF 
signal , and a grounded coplanar waveguide configured to 
propagate the RF signal in a horizontal direction . The 
coupler can be included on an integrated chip with a second 
coupler and the chip can be positioned over two waveguides 
such that each coupler is positioned within the center of each 
waveguide aperture . 

Publication Classification 
( 51 ) Int . Ci . 

H01Q 21/00 ( 2006.01 ) 
H01Q 21/06 ( 2006.01 ) 

? 
40b 40a 

oft 1 
1 
1 

AVDDC TO SACI 

GCPW 
gg gg 

40 Z. ? } 

Electrical 
Field 

| 

I 1 
1 
1 
1 

Slot Balun 
| 

00000 AVDD Quadrupler 

AVDD 

I 
1 00000 100001 1 

PLL2 , Vt tune 

? lllll 42 
1 

Vot Vb 
1 
1 

| 
1 

TO CML 
Divider * TO CML 

Divider 
| 
I 

1 
1 VCO2 Vm- Vm + 



10 

16 

12 

13 15 

14 

18 

20 

30 

31a 

31 

17a 

Patent Application Publication 

TX : PLL1 

RX 

22 

WM 

32 

VCXO 

TX : PLL2 

Apr. 29 , 2021 Sheet 1 of 10 

11 

24 

26 

36 

34 

17 

FIG . IA 

US 2021/0126378 A1 



Patent Application Publication Apr. 29 , 2021 Sheet 2 of 10 US 2021/0126378 A1 

10 

22 20 31a 30 32 

31 
17a 

Metal M M 17 

24 34 

RF in 
16 

RF out 
18 

FIG . IB 



-10 

15 

1201 

TSPC 

CML 

X4 

TE ? 

Slot Array Coupler 

Slot Array Coupler 

Square - Law Detector 
VDD 

1 

VCO2 
18 

-15a 

Patent Application Publication 

9 

fp ( t ) -33 

Venu ( t ) | 16 

30 

i20 

PFD ACP 

LPF 

-23 

H 

RB 

1 

fLKREF = Nof , 

fm 

m 

13 

24 

| 12 

12b 

Sine Mod . 

DIA 

LPF Atten 

34 

5 

Tfxo 

RX 

VGA 

? ? 

M 

1 

/ 16 

CW 

Apr. 29 , 2021 Sheet 3 of 10 

DSM 

12c 

| 

VC01 
14 

21 

MMD 

HRLKD 
f 

LKREF 

HP LPF4 CPH PFD 

HE 

VLKN + 

CLK 

VCXO 

| Buffer 

fxo 

Temp . Sensor 

Output 

11 

V LKN 

XTAL GDC 

HE 

US 2021/0126378 A1 

1 

40 
FIG . 2A 



23 

fo 

env ( t ) 

Patent Application Publication 

Baseline -29 

Spectral Line 

- 
- 

100 

1 : 

Trans ( % ) 

Trans ( % ) 

Real Profile -33 

fp ( t ) 

M 

Apr. 29 , 2021 Sheet 4 of 10 

33 

- 
- 

- 
- 

67 

t 

fo 

FIG . 2B 

NG FIG . 2C 

US 2021/0126378 A1 



1st Order 

3rd Order 

Patent Application Publication 

— 

?? 

| 

V 
Offset 

! 

1 

0 1 

V. LK1 

V 
LK3 

V Offset 

not 

0 

Apr. 29 , 2021 Sheet 5 of 10 

25 

fo 

fpo 

27 

fo 

fpo 

FIG . 2D 

FIG . 2E 

US 2021/0126378 A1 



Patent Application Publication Apr. 29 , 2021 Sheet 6 of 10 US 2021/0126378 A1 

40b 40a 

AVDD -To SAC 

GCPW 
gg gg 

40 
Z 

Electrical 
Field 

| 
Slot Balun 

Quadrupler IllllO AVDD 

AVDD L t 

| 00000 
PLL2 , Vtune 00000 00000 42 ? 

Vb + HE b 

To CML 
Divider 

To CML 
Divider 

VCO2 Vm- Vm + 

FIG . 3 



Patent Application Publication Apr. 29 , 2021 Sheet 7 of 10 US 2021/0126378 A1 

D3 

90 

92 

94 - 

96 

D2 

FIG . 4A 
D1 

96 

OH 
94 

90 

92 

FIG . 4B 



Patent Application Publication Apr. 29 , 2021 Sheet 8 of 10 US 2021/0126378 A1 

110 

112 
114 

110a rece 
108 

104 

FIG . 5 

102 

106 

100 



Patent Application Publication Apr. 29 , 2021 Sheet 9 of 10 US 2021/0126378 A1 

52a 52a 50 

43a 58 

54a 54b OD 60 43b 
Port 2 , 
GCPW 

52b 56 52b 

FIG . 6A 

W 
W / 2 57 51 

52a 52a 

H / 2 

43a 58 

54a 54b 
H 

43b 60 50 

52b 52b Double Slot 
Radiator Width 

-80 

FIG . 6B 



Patent Application Publication Apr. 29 , 2021 Sheet 10 of 10 US 2021/0126378 A1 

61 63 60 61 

56 FIG . 7 

BW 

-2.50 
S12 S21 

-5.00 

-7.50 
-S11 -10.00 

I -12.50 
-15.00 

-S22 
-17.50 

-20.00 

-22.50 

-25.00 
200.00 210.00 220.00 240.00 250.00 260.00 230.00 

Freq ( GHz ] 

FIG . 8 



US 2021/0126378 A1 Apr. 29 , 2021 
1 

INTEGRATED CIRCUIT - TO - WAVEGUIDE 
SLOT ARRAY COUPLER 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] This application claims the benefit under 35 U.S.C. 
$ 119 of provisional patent application No. 62 / 925,382 filed 
on Oct. 24 , 2019 , which is hereby incorporated by reference 
herein in its entirety . 

GOVERNMENT RIGHTS 

[ 0002 ] This invention was made with Government support 
under Grant No. ECCS1653100 and ECCS1809917 
awarded by the National Science Foundation . The Govern 
ment has certain rights in the invention . 

BACKGROUND 
[ 0003 ] As is known in the art , complementary metal - oxide 
semiconductor ( CMOS ) integrated circuits ( ICs or “ chips ” ) 
exist which operate in the millimeter wave and terahertz 
frequency ranges ( 30 GHz - 3000 GHz ) . This is approxi 
mately 10 to 1000 times higher than the frequency ranges in 
which current wireless systems operate ( e.g. systems oper 
ating in accordance with current 5G / 4G and Wi - Fi stan 
dards ) . These increased operational frequency ranges pres 
ent challenges associated with interfacing CMOS chips with 
peripheral circuits . Conventional interconnection technolo 
gies such as wire - bonding techniques and ball grid arrays 
( BGAs ) have been used to couple RF signals between 
CMOS chips with peripheral circuits . In the millimeter wave 
and terahertz frequency ranges band , however , such inter 
connection techniques typically result in the existence of 
parasitic inductances and capacitances that may result in 
signal loss due to the dissipation and reflection of signals . 
Rectangular waveguides have been widely adopted as a 
transmission line that can be used in the millimeter wave and 
terahertz frequency ranges . There remain , however difficul 
ties coupling signals between circuitry on CMOS chips and 
rectangular waveguides . 

signals to radiate into a waveguide through the backside ( i.e. 
that uses a surface of the IC which is opposite a surface of 
the IC on which IC circuitry is disposed ) of an integrated 
circuit ( also referred to as an “ IC ” or a “ chip ” ) . In some 
embodiments , the integrated circuit may be provided as a 
complementary metal - oxide semiconductor ( CMOS ) IC 
having a silicon substrate . 
[ 0007 ] The slot array coupler described herein enable 
on - chip , direct backside radiation into a waveguide . Addi 
tionally , the slot array coupler described herein has the 
advantages of not requiring wafer thinning , a dielectric 
resonator , an E - plane probe , or wire - bonding for high fre 
quency signal interconnection . This results in a chip - to 
waveguide transition structure which is simple with a simple 
assembly requirement which reduces ( and ideally mini 
mizes ) inter - chip variation ( i.e. IC performance variations 
which may result from either the process of manufacturing 
the slot array coupler portion of an IC or the process of 
mounting or otherwise disposing the sot the slot array 
coupler and IC on a waveguide . 
[ 0008 ] The slot array coupler described herein substan 
tially confines ( and ideally , completely confines ) the RF 
signal or wave within the IC substrate ( e.g. within a silicon 
substrate of a CMOS chip ) . Since the RF field is confined 
within the substrate , slot array couplers provided in accor 
dance with the concepts and architectures described herein 
are less sensitive to ( and ideally completely insensitive to ) 
external environmental factors such as variations in the 
micro - assembly of periphery electronics , fabrication toler 
ances , and the disturbance of an external electrical or 
magnetic field . This provides the additional advantage of a 
design suitable for mass production . 
[ 0009 ] Additional advantages provided by the concepts , 
systems , circuits , devices and techniques described herein 
include mode matching between slot array coupler radiation 
patterns and dominant waveguide modes ( e.g. the TE10 
mode in rectangular waveguide ) which is improved relative 
to prior art approaches and a coupling efficiency which is 
relatively high compared with prior art approaches . In some 
embodiments , a coupling loss of about 5.3 dB can be 
achieved . In some embodiments , a coupling efficiency of the 
slot array coupler described herein may be enhanced by a 
silicon - on - insulator ( SOI ) process used to manufacture the 
coupler . 
[ 0010 ] The system also has a wide operational frequency 
bandwidth of approximately 20 % ( i.e. a 3 dB transmit 
receive ( TRX ) RF output power bandwidth ) due to the use 
of non - resonate type coupling between the slot array coupler 
and the waveguide . Also , the slot array coupler results in a 
substrate mode rejection characteristic and a transmit - re 
ceive ( TRX ) isolation characteristic which is comparable to 
or higher than those achieved by prior art approaches 
IC - to - waveguide couplers in the frequency ranges of interest 
for a molecular clock . Such substrate mode rejection and 
TRX isolation characteristics are achieved through confine 
ment of a propagating RF signal in the vertical direction ( i.e. 
confinement of a propagating RF signal between frontside 
and backside surfaces of the chip . There is no limitation on 
the chip size . Furthermore " pads ” ( i.e. regions of conductive 
material ) on the front side of the chip are accessible . 
[ 0011 ] In one embodiment , described is a slot array cou 
pler comprising a silicon substrate having first and second 
opposing surfaces ( also sometimes referred to as frontside 
and backside surfaces ) and one or more double slot radiators 

SUMMARY 

[ 0004 ] While radiation based integrated circuit to wave 
guide transition structures ( also referred to as chip - to - wave 
guide transition structures ) are generally known , in accor 
dance with the concepts , system , circuits , devices and 
techniques described herein , it has been recognized that 
radiation based chip - to - waveguide transition structures gen 
erally require dielectric resonators to assist is transferring or 
transmitting the radiation from a chip to waveguide . It has 
also been recognized that these approaches can result in a 
so - called front - side - radiation based technique that does not 
require wire - bonding , and that is highly efficient ( i.e. is low 
loss ) and does not require wafer thinning . 
[ 0005 ] It has also been recognized that there is a need for 
chip - to - waveguide transition structures that use dielectric 
resonators , and which limit the use of on - chip pads which 
can block the dielectric resonator and which have sample 
to - sample variations and costs which are relatively low 
compared with sample - to - sample variations and cost of 
conventional interconnect circuits , devices and techniques . 
[ 0006 ] Described herein is a slot - array chip - to - waveguide 
coupler ( or more simply , a “ slot - array coupler ” ) that uses 
“ backside ” radiation . This slot array coupler permits on - chip 
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disposed on the substrate and configured for bi - directional 
propagation of RF signals provided thereto ( i.e. the double 
slot radiators may operate to transmit or receive an RF 
signal ) , a slot balun disposed on the substrate and configured 
to provide impedance matching and isolate an RF signal , and 
a grounded coplanar waveguide transmission line disposed 
on the substrate and configured to propagate the RF signal 
in a horizontal direction . 
[ 0012 ] The double slot radiators can be disposed at oppo 
site ends of a signal path ( e.g. at opposite ends of a feed line ) , 
and the one or more double slot radiators are configured to 
receive RF signals from and provide RF signals to a wave 
guide . In some embodiments , the waveguide can be a 
rectangular waveguide . The one or more double slot radia 
tors can receive RF signals via a backside of the silicon 
substrate . The grounded coplanar waveguide can receive an 
RF signal from a transmitter circuit over a signal path ( e.g. 
a hard - wired connection coupled between the coplanar 
waveguide transmission line and a transmitter circuit ) . RF 
signals can propagate through the coplanar waveguide trans 
mission line and across a channel formed within the slot 
balun to the double slot radiators . 
[ 0013 ] Also described is a system for propagating an RF 
signal that includes a first coupler in communication with a 
first waveguide , wherein the first coupler is configured to 
receive an RF signal propagating through the first wave 
guide . The system also includes a receiver electrically 
connected to the first coupler wherein the receiver receives 
the RF signal from the first coupler . The system also includes 
a transmitter electrically coupled to the receiver and that 
transmits the RF signal to a second coupler electrically 
coupled to the transmitter . Also included is a second coupler 
in communication with a second waveguide and configured 
to receive the RF signal and provide the RF signal through 
the second waveguide . 

[ 0018 ] FIG . 2B is a plot illustrating an envelope of a 
modulated probing signal interacting with gaseous mol 
ecules within the molecular clock of FIG . 2A . 
[ 0019 ] FIG . 2C shows a fundamental dispersion curve that 
may be produced with the molecular clock of FIG . 2A . 
[ 0020 ] FIG . 2D shows a first - order dispersion curve that 
may be produced with the molecular clock of FIG . 2A . 
[ 0021 ] FIG . 2E shows a third - order dispersion curve that 
may be produced with the molecular clock of FIG . 2A . 
[ 0022 ] FIG . 3 is schematic diagram of circuitry that can be 
provided within a transmitter portion of a molecular clock 
transmitter , according to some embodiments . 
[ 0023 ] FIGS . 4A and 4B are isometric views of a SAC 
disposed over an aperture of a waveguide , according to some 
embodiments . 
[ 0024 ] FIG . 5 is an isometric view of an integrated circuit 
( IC ) having a pair of SACs disposed over respective ones of 
a pair of waveguides , according to some embodiments . 
[ 0025 ] FIG . 6A is a top view of a SAC , according to some 
embodiments . 
[ 0026 ] FIG . 6B is a top view of another SAC , according to 
some embodiments . 
[ 0027 ] FIG . 7 is a side view of a grounded coplanar 
waveguide ( GCPW ) , according to some embodiments . 
[ 0028 ] FIG . 8 is a plot of scattering parameters ( S - param 
eters ) of a SAC , according to some embodiments . 

DETAILED DESCRIPTION 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0014 ] The foregoing and other objects , features and 
advantages of the concepts described herein will be apparent 
from the following more particular description of the 
embodiments and the appended claims , as illustrated in the 
accompanying drawings in which like reference characters 
refer to the same parts throughout the detailed description . 
It should be noted that the drawings are not necessarily to 
scale , or inclusive of all elements of a system , emphasis 
instead generally being placed upon illustrating the con 
cepts , structures , and techniques sought to be protected 
herein . Reference characters introduced in a figure may be 
repeated in one or more subsequent figures without addi 
tional description in the detailed description in order to 
provide context for other features of the described embodi 
ments . 

[ 0015 ] FIG . 1A is a block diagram of an integrated circuit 
( “ IC ” or “ chip ’ ) disposed over and coupled to rectangular 
waveguides via first and second slot array couplers ( SACs ) , 
according to some embodiments . 
[ 0016 ] FIG . 1B is a side view demonstrating a radio 
frequency ( RF ) signal propagating through the rectangular 
waveguides and IC of FIG . 2A . 
[ 0017 ] FIG . 2A is a partial schematic view of a molecular 
clock that uses a pair SACs to couple radio frequency ( RF ) 
signals between an IC and a waveguide , according to some 
embodiments . 

[ 0029 ] Described herein is a slot array coupler circuit 
( “ slot array co oler ” or “ SAC ” ) for coupling radio fre 
quency ( RF ) signals between an integrated circuit ( also 
sometimes referred to herein as an “ IC ” or a “ chip ” ) and a 
waveguide . Reference is sometimes made herein to embodi 
ments in which the IC is provided as a complementary 
metal - oxide semiconductor ( CMOS ) IC having a silicon 
substrate ( i.e. a silicon CMOS chip ) and the waveguide is 
provided as a rectangular waveguide and which are part of 
a molecular clock . Such references are made only for 
purposes of promoting clarity and understanding in the text 
and are not intended as limiting and should not be construed 
as such . 
[ 0030 ] Various embodiments of the concepts , systems , 
circuits , devices and techniques are described herein with 
reference to the related drawings . Alternative embodiments 
can be devised without departing from the scope of the 
described concepts and illustrative systems , circuits , devices 
and techniques . It is noted that various connections and 
positional relationships ( e.g. , over , below , adjacent , etc. ) are 
set forth between elements in the following description and 
in the drawings . These connections and / or positional rela 
tionships , unless specified otherwise , can be direct or indi 
rect , and the concepts and illustrative systems , circuits , 
devices and techniques are not intended to be limiting in this 
respect . Accordingly , a coupling of entities can refer to either 
a direct or an indirect coupling , and a positional relationship 
between entities can be a direct or indirect positional rela 
tionship . As an example of an indirect positional relation 
ship , references in the present description to element or 
structure “ A ” over element or structure “ B ” include situa 
tions in which one or more intermediate elements or struc 
tures ( e.g. , element “ C ” ) is between element “ A ” and 
element “ B ” regardless of whether the characteristics and 
functionalities of element “ A ” and element “ B ” are substan 
tially changed by the intermediate element ( s ) . 
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[ 0031 ] The following definitions and abbreviations are to 
be used for the interpretation of the claims and the specifi 
cation . 
[ 0032 ] As used herein , the terms “ comprises , " " compris 
ing . " “ includes , ” “ including , " " has , " “ having , " " contains " or 
" containing , ” or any other variation thereof , are intended to 
cover a non - exclusive inclusion . For example , a method , 
article , or apparatus that comprises a list of elements is not 
necessarily limited to only those elements but can include 
other elements not expressly listed or inherent to such 
method , article , or apparatus . 
[ 0033 ] The terms “ one or more ” and “ one or more ” are 
understood to include any integer number greater than or 
equal to one , i.e. one , two , three , four , etc. The terms “ a 
plurality ” are understood to include any integer number 
greater than or equal to two , i.e. two , three , four , five , etc. 
The term “ connection ” can include an indirect “ connection " 
and a direct “ connection " . 
[ 0034 ] References in the specification to “ one embodi 
ment , " " an embodiment , " " an example embodiment , ” or 
variants of such phrases indicate that the embodiment 
described can include a particular feature , structure , or 
characteristic , but every embodiment can include the par 
ticular feature , structure , or characteristic . Moreover , such 
phrases are not necessarily referring to the same embodi 
ment . Further , when a particular feature , structure , or char 
acteristic is described in connection knowledge of one 
skilled in the art to affect such feature , structure , or charac 
teristic in connection with other embodiments whether or 
not explicitly described . 
[ 0035 ] Furthermore , it should be appreciated that relative , 
directional or reference terms ( e.g. such as “ above , ” 
“ below , " " left , ” “ right , " " top , " “ bottom , " " vertical , " " hori 
zontal , ” “ front , ” “ back , ” “ rearward , ” “ forward , ” etc. ) and 
derivatives thereof are used only to promote clarity in the 
description of the figures . Such terms are not intended as , 
and should not be construed as , limiting . Such terms may 
simply be used to facilitate discussion of the drawings and 
may be used , where applicable , to promote clarity of 
description when dealing with relative relationships , par 
ticularly with respect to the illustrated embodiments . Such 
terms are not , however , intended to imply absolute relation 
ships , positions , and / or orientations . For example , with 
respect to an object or structure , an “ upper ” surface can 
become a “ lower ” surface simply by turning the object over . 
Nevertheless , it is still the same surface and the object 
remains the same . Also , as used herein , “ and / or ” means 
" and ” or “ or ” , as well as " and " and " or . ” Moreover , all 
patent and non - patent literature cited herein is hereby incor 
porated by references in their entiret 
[ 0036 ] The terms “ disposed over , " " overlying , ” “ atop , ” 
“ on top , ” “ positioned on ” or “ positioned atop ” mean that a 
first element , such as a first structure , is present on a second 
element , such as a second structure , where intervening 
elements or structures ( such as an interface structure ) may or 
may not be present between the first element and the second 
element . The term " direct contact ” means that a first ele 
ment , such as a first structure , and a second element , such as 
a second structure , are connected without any intermediary 
elements or structures between the interface of the two 
elements . 
[ 0037 ] Molecular clocks that are referenced to sub - THz 
rotational transitions of a gaseous molecule , such as carbo 
nyl sulfide ( OCS ) gas , are a highly stable alternative to 

known chip - scale atomic clocks . As disclosed herein , 
molecular clocks can use an IC , such as a CMOS chip , 
coupled to a waveguide gas cell via one or more SACs . This 
architecture is one that can be miniaturized and manufac 
tured at a cost less than the cost of manufacturing known 
chip - scale atomic clocks . 
[ 0038 ] In some instances , known chip - scale molecular 
clocks ( CSMC ) can exhibit long - term stability ( e.g. , 3.8 % 
10-1 ° @ T = 103 s ) , but be limited by non - idealities of the 
carbonyl sulfide gas transition curve which is susceptible to 
environmental disturbance . 
[ 0039 ] The molecular clocks described herein ( e.g. , a 70 
mW CSMC chip ) can be designed to enable high - order , 
dispersion - curve locking that can enhance the long - term 
stability of the molecular clocks described herein by a 
multiple of nine ( 9 ) or more . Thus , the molecular clocks 
described herein can also possess enhanced temperature 
stability in relation to oven - controlled crystal / MEMS oscil 
lators ( OCXO / OCMO ) and enhanced magnetic sensitivity in 
relation to chip - scale atomic clocks ( CSAC ) . 
[ 0040 ] Illustrated in FIGS . 1A and 1B is an embodiment of 
the molecular clock 10 that includes a CMOS chip 31 , two 
SACs 20 , 30 disposed over respective ones of waveguide 24 , 
34 apertures , and circuitry used to process RF signals 
transmitted / received between waveguides 24 , 34. In some 
instances , waveguides 24 , 34 can have similar dimensions 
and geometric configurations . In one embodiment , wave 
guides 24 , 34 may be provided as WR 4.3 rectangular 
waveguides ( generally suitable for transmission of RF sig 
nals in the 170 GHz - 260 GHz frequency range ) with aper 
tures having an area that is approximately 1.09 mm²x0.55 
mm² . Waveguides 24 , 34 may be coupled to , or may form a 
part of , a gas cell containing gaseous molecules , such as 
carbonyl sulfide ( OCS ) . In some embodiments , CMOS chip 
31 may be disposed over , or within , a metal structure 17. For 
example , as shown in FIGS . 1A and 1B , CMOS chip 31 can 
be disposed over a top surface 17a of metal structure 17. The 
metal structure 17 can serve two purposes . First , waveguides 
24 , 34 can be formed within metal structure 17 and extended 
out therefrom as illustrated in FIG . 1B , thus providing a 
chip - to - waveguide interface . Second , metal structure 17 can 
support the chip 31 mechanically . 
[ 0041 ] Circuitry of molecular clock 10 can be disposed or 
otherwise provided or fabricated on a surface 31a of CMOS 
chip 31. In some embodiments , CMOS chip 31 may be 
provided as a silicon chip and , in some instances , can 
include an un - thinned silicon substrate . CMOS chip 31 can 
have a thickness of approximately 305 um and can be 
manufactured , for example , using a 65 nm bulk CMOS 
process that uses a DC power consumption of about 70 mW . 
In other embodiments , CMOS chip 31 can include a silicon 
substrate having a thickness of about 12 mil . 
( 0042 ] As will be discussed in detail below , CMOS chip 
31 can include one or more antenna arrays configured to 
radiate RF signals using back - chip radiation to couple RF 
signals between the chip 31 and respective ones of wave 
guides 24 , 34. In this configuration , the one or more antenna 
arrays can be configured so as mimic the E - field distribution 
of the corresponding waveguides 24 , 34. That is , the radia 
tors together with the SAC circuitry described herein are 
configured to form an electric field configuration similar to 
an electric field configuration which would exist in the 
aperture of the waveguide for signals propagating in the 
dominant waveguide mode . Thus , in the embodiment of 

?? 
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FIGS . 1A and 1B which includes rectangular waveguides 
24 , 34 , then the radiators and SAC circuitry can be config 
ured to form an electric field configuration that is the same 
as or similar to that which would exist in the aperture of 
rectangular waveguides 24 , 34 ( e.g. , a TE10 electric field 
configuration or mode ) . By mimicking the E - field distribu 
tion , the antenna array ( s ) can provide strong coupling and 
wide bandwidth between SACs 20 , 30 and waveguides 24 , 
34. If , for example , the CMOS ship 31 interfaced with a 
circular waveguide , then the radiators and SAC circuitry can 
be configured to form an electric field configuration similar 
to a dominant mode electric field configuration which would 
exist in the aperture of a circular waveguide ( e.g. a TE11 
electric field configuration or mode ) . 
[ 0043 ] In some embodiments , a signal isolation character 
istic between transmitter signals ( i.e. signals propagating in 
a transmit signal path ) and receiver signals ( i.e. signals 
propagating in a receive signal path ) can be better than 60 
dB at the center frequency . Since a silicon substrate has a 
relative dielectric constant typically of about 11.7 ( and 
generally in the range of 8 to 15 ) , the majority of the RF 
energy coupled between the CMOS chip 31 and waveguides 
24 , 34 via the respective SACs 20 , 30 is confined within the 
substrate . This can make SACS 20 , 30 substantially insen 
sitive to external environmental factors . For example , SACs 
20 , 30 can be insensitive to environmental factors such that 
the induced change of transmission coefficient is less than 1 
dB . 

[ 0044 ] In the embodiment of FIGS . 1A and 1B , a first SAC 
20 can receive an RF signal 22 from a first waveguide 24 , 
where the RF signal 22 has an associated electric field 26 
that conforms in part to the geometry of first waveguide 24 . 
Upon receiving the RF signal 22 , the first SAC 20 processes 
RF signal 22 and outputs a receive signal 16 to circuitry 
installed on CMOS chip 31. This circuitry can include a 
receiver 12 which can be any receiver discussed herein . 
Receiver 12 can process receive signal 16 in conjunction 
with input from a VCXO 11 according to the previously 
discussed methods . A transmit signal 18 can be generated 
using one or more phase locked loops ( PLLs ) 14 , 15 and a 
wavelength modulator 13 of a transmitter . The generated 
transmit signal 18 is coupled to a second SAC 30 disposed 
over a second waveguide 34 aperture . The second SAC 30 
permits the transmit signal 18 to radiate through second 
waveguide 34 as RF signal 32 having an associated electric 
field 36 . 
[ 0045 ] In some instances , the first SAC 20 can be referred 
to as the RX SAC 20 which identifies it as the coupler used 
in conjunction with the receiver circuitry . Likewise , the 
second SAC 30 can be referred to as the TX SAC 20 which 
identifies it as the coupler used in conjunction with the 
transmitter circuitry . As previously mentioned , waveguides 
24 , 34 may be coupled to , or may form a part of , a gas cell 
containing gaseous molecule . Thus , receive signal 16 may 
be responsive to transmit signal 18 interacting with the 
gaseous molecule . 
[ 0046 ] Illustrated in FIGS . 2A - 2E is an embodiment of a 
molecular clock 10 that demonstrates an CSMC architecture 
comprising one or more SACs 20 , 30 disposed over respec 
tive ones of waveguide 24 , 34 apertures . The waveguides 24 , 
34 may be coupled to , or may form a part of , a gas cell 21 
containing gaseous molecules , such as carbonyl sulfide 
( OCS ) . In some embodiments , molecular clock 10 can be 
configured similarly to or have characteristics of the molecu 

lar clock embodiments described in U.S. Pat . No. 10,739 , 
728 , filed on Dec. 27 , 2018 and entitled “ Molecular Clock , " 
the contents of which are hereby incorporated by reference 
in their entirety . In some embodiments , waveguides 24 , 34 
may be provided as WR4.3 rectangular waveguides ( e.g. , 
TE10 mode ) . 
[ 0047 ] Molecular clock 10 can include a spectroscopy 
transmitter 5 comprised of a first phase locked loop ( PLL ) 
14 , a second phase locked loop ( PLL ) 15 , a frequency 
quadrupler 9 , and a wavelength modulator 13. In some 
instances , the first PLL 14 and the second PLL 15 can be 
cascaded together . In other instances , the one of the PLLs 
14 , 15 can operate at approximately 3.21 GHz E - A , while 
the other PLL 14 , 15 can operate at approximately 57.77 
GHz integer - N . Molecular clock 10 can also include a 
spectroscopy receiver 12 having a subthreshold MOSFET 
square - law detector 12a , a variable gain amplifier ( VGA ) 
12b , and a lock - in detector 12c . In some embodiments , 
lock - in detector 12c can be provided as a harmonic - rejection 
lock - in detector ( HRLKD ) . 
[ 0048 ] Transmitter 5 can be referenced to an on - chip 
voltage - controlled crystal oscillator ( VCXO ) 11 with an 
off - chip quartz crystal ( XTAL ) . In some instances , VCXO 
11 can operate at approximately 60 MHz . In other instances , 
VCXO 11 can operate at a frequency , fxo , within a range of 
10 kHz to approximately 80 MHz . 
[ 0049 ] Transmitter 5 can generate a wavelength modu 
lated transmit signal ( or " probing signal " ) 18 having a 
probing frequency f ( t ) 33 selected to approximately match 
the frequency , fo , of a rotational spectral line of OCS or 
another gas molecule contained within gas cell 21. Transmit 
signal 18 can be propagated through waveguide 34 to probe 
the transition line of gaseous molecules within gas cell 21 . 
In some embodiments , where the gaseous molecules com 
prise OCS , f , can be approximately 231.06 GHz . In some 
embodiments , fo can be in a range of 200-260 GHz . In some 
embodiments , transmit signal 18 can have an average fre 
quency of fpo which can be wavelength modulated by 
modulator 13. In some embodiments , transmitter 5 can 
wavelength modulate the transmit signal 18 using a modu 
lation frequency , fm , of approximately one hundred kHz or 
any frequency less than one MHz . 
[ 0050 ] In some embodiments , while sweeping the transi 
tion line of the gaseous molecules at probing frequency , fy ( t ) 
33 , gas absorption can introduce an envelope fluctuation 
Venu ( t ) 23 with period of one over the modulation frequency 
( 1 / fm ) . The Nth order odd harmonics can be denoted as VLKN 
where “ N ” stands for the order of the harmonic and “ LK ” for 
lock - in , meaning that molecular clock 10 has locked into 
that particular harmonic . FIG . 2D shows a first - order dis 
persion curve 25 demonstrating an offset voltage , Voffset ? 
generated when molecular clock 10 locks onto the first - order 
harmonic , VlK1 . By comparison , FIG . 2E shows a third 
order dispersion curve 27 demonstrating a relative lack of 
offset voltage , VOA Offset generated when molecular clock 10 
locks onto the third - order harmonic , VLK3 . 
[ 0051 ] For a symmetric gaseous molecule line profile , the 
following can be true about a Nih order odd harmonic : 
VLKN0 at fpo = fo . As illustrated in FIG . 2A , the transmitter 
5 and receiver 12 are arranged in a negative feedback loop 
such the offset voltage observed for a particular harmonic 
( e.g. , VlK3 ) can be used to dynamically adjust the frequency 
fxo of VCXO 11 to provide stable clock . As shown in FIG . 
2C , the gas - free transmission baseline 29 of molecular clock 
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10 may not be level because of the standing - wave inside the 
gas cell and the non - flat transmitter - receiver frequency 
response . The offset voltage , Voffset : that appears on the 
first - order dispersion curve 25 ( ViKi as a function of foo ) , appears because the first - order dispersion curve 25 is a 
representation of the first - order derivative of the asymmetric 
gaseous molecule line profile . Thus , as the gas absorption 
changes with temperature , the zero - crossing point of the 
dispersion curve at fpo is equal to fo - therefore fxo drifts . 
[ 0052 ] The fxo drift and V Offset demonstrated by first - order dispersion curve 25 ( FIG . 2D ) may result in part from 
instability associated with using a low - order dispersion 
curve . In some instances , stability can be enhanced by using 
a higher - order dispersion curve such as a third- , fifth- , or 
seventh - order dispersion curve ( i.e. , N = 3 , 5 , 7 and so on ) . In 
these higher - order dispersion curves , the tilting of the base 
line 29 becomes negligible . To lock onto such higher - order 
dispersion curves , it may be a requirement that molecular 
clock 10 uses continuous sinusoidal wavelength modulation 
( WM ) with high accuracy . 
[ 0053 ] Turning to FIG . 3 , and with continued reference to 
FIG . 2A , to address the requirement that the molecular clock 
10 uses continuous sinusoidal WM with high accuracy , in 
some instances a 57.77 GHZ voltage - controlled oscillator 
( VCO ) 42 can be used in the second PLL 15. The illustrative 
VCO 42 can be chirped by a high - accuracy , differential sine 
signal at fm = 100 kHz , which can be generated by a pair of 
8 - bit digital - to - analog converters ( DACs ) and then fed to a 
pair of small varactors in the VCO 42 as illustrated in FIG . 
3. The DACs ( not shown in FIG . 3 ) can be connected to 
terminals Vm + , Vm- . Terminals Vo + , Vi- are the VCO 
buffer outputs and can be connected to a current mode logic 
divider ( CML ) , such as CML 15a in FIG . 2A . 
[ 0054 ] Also shown in FIG . 3 is an illustrative frequency 
quadrupler 40 configured to multiply the VCO output fre 
quency by a factor of four ( 4 ) then sends the signal to a SAC 
at output node 40a . That is , output node 40a can be 
connected to a port of a SAC . For example , referring ahead 
to FIGS . 6A and 6B , output node 40a can be connected to 
a GCPW ( Port 2 ) 60 of a SAC . Quadrupler 40 can be 
connected to an analog supply voltage source ( AVDD ) at a 
node 40b . Quadrupler 40 further includes gate bias voltage 
terminals V which can be DAC ( not shown ) for voltage 
control . 

[ 0055 ] In some instances , an ultra - small frequency devia 
tion ( e.g. , Af ~ 2 MHz or 9x10-6 of 231.06 GHz ) may be 
required for optimal line probing , additionally resistive 
source degeneration may be adopted to reduce the VCO 42 
sensitivity . The wavelength modulator 13 can include a 
three - bit attenuator and a ten - bit phase shifter that may be 
used for fine tuning . The loop bandwidth ( ~ 10 kHz ) of the 
57.77 GHz VCO 42 can be designed to be much smaller than 
fm = 100 kHz to prevent disturbing wavelength modulator 13 
of transmitter 5 . 
[ 0056 ] Turning back to FIG . 2A , using cascading PLLs 14 , 
15 can provide better modulation accuracy and less phase 
noise . Further , quadrupler 9 can include a 115.5 GHz slot 
balun that can be used to multiply the VCO 42 output to 
231.06 GHz . In some embodiments , molecular clock 10 can 
be locked to a third - order harmonic ( i.e. , a third - order 
dispersion curve can be used ) . In these embodiments , the 
receiver lock - in detector 12c can be referenced to 
fLKREF = 3fm . Lock - in detector 12c can be passive and present 

a greater than 80 dB harmonic rejection ratio and less than 
10 pV DC offset voltage at its differential output . 
[ 0057 ] During operation of molecular clock 10 , the peak 
output power of one of the PLLs 14 , 15 ( e.g. , the PM231 
GHz PLL ) can be measured by a power meter ( e.g. , a PM5 
power meter ) . This peak output power can be approximately 
-9.4 dBm ( -4.2 dBm excluding the SAC loss ) approaching 
the gas cell saturation threshold . In some instances , noise 
within the transmitter 5 or one of the PLLs 14 , 15 of 
transmitter 5 can lead to PM - to - AM noise conversion in 
molecular clock 10 and thereby lowering the stability of the 
clock 10. For example , at 231.06 GHz , the measured phase 
noise of the unmodulated transmitter 5 ( including the on 
chip VCXO 11 ) output may be approximately 60.7 dBc / 
Hz @ 100 kHz offset and -81.5 dBc / Hz @ 1 MHz offset , 
respectively . By way of a further example , the measured 
noise equivalent power ( NEP ) of the receiver 12 may be 
62.8 pW / Hzº.S ( 19.0 pW / Hzº.5 excluding the SAC loss ) at 
100 kHz baseband frequency . In these examples , when 
probing the gaseous molecule transition , the measured third 
order dispersion curve 27 ( FIG . 2E ) exhibits a smaller V Offset ( e.g. , Voffset = 4.3 pV ) than that of the first - order dispersion 
curve 25 ( FIG . 2D ) ( e.g. , V Offset = 1.1 mV ) . When molecular 
clock 10 is locked to a third - order harmonic ( e.g. , SNR1 
17 = 65.7 dB ) and the clock 10 is a 0.09 Hz clock open - loop 
unity - gain bandwidth , the measured Allan Deviation 
( ADEV ) can be 3.2x10-1 1 s and 4.3x10-11@T=103 s , 
respectively . This performance bridges the performance gap 
between molecular clocks and CSAC . Furthermore , the 
measured magnetic sensitivity of the unshielded clock , 
being 0.4 ppb at 75 Gauss or + 2.9x10-12 / Gauss , can be 
thirty - one times better than that of the CSAC with magnetic 
shielding . Using an on - chip temperature sensor and second 
order polynomial compensation , the frequency drift 
achieves 13.0x10-9 over temperature range of 27–65 ° C. 
The above examples demonstrate that molecular clock 10 
described herein has better temperature stability and power 
performance at a smaller size and lower cost than known 
systems . 
[ 0058 ] FIGS . 4A and 4B illustrate a SAC 90 disposed over 
an aperture 92 of a waveguide 94. In some embodiments , 
aperture 92 can have a length D1 of approximately 1.09 mm 
and a width length D2 of approximately 0.55 mm . SAC 90 
may be formed on a surface of a CMOS chip 96. In some 
embodiments , CMOS chip 96 can have a thickness D3 
selected based on an operational frequency of a device / 
system in which the illustrated structure is employed . For 
example , for 231 GHz operation , a wafer thickness of 12 mil 
( 305 um ) can be used . As shown in FIGS . 4A and 4B , 
waveguide 94 can be a rectangular waveguide having four 
sides and two pairs of parallel sides , where one pair of 
parallel sides is orthogonal to the other pair of parallel sides . 
SAC 90 can be disposed over the aperture 92 such that one 
pair of parallel sides of SAC 90 are equidistant from a 
corresponding pair of parallel sides , and the other pair of 
parallel sides of SAC 90 are equidistant from the second pair 
of parallel sides of the waveguide aperture 92. Further 
details of the SAC positioning are provided below in the 
context of FIG . 6B . 
[ 0059 ] FIG . 5 shows an integrated circuit ( IC ) 100 having 
a pair of SACs 102 , 104 disposed over respective ones of a 
pair of waveguides 106 , 108 , according to some embodi 
ments . SACs 102 , 104 may be formed or otherwise disposed 
on a surface 110a of a CMOS chip 110 , and CMOS chip 110 

gg 
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can be wire bonded 112 to a metal structure 114 , as shown . 
Both SACs 102 , 104 can be disposed on the CMOS chip 110 
such that the SACs 102 , 104 are integrated into a single 
CMOS chip 110. Additionally , the single CMOS chip 110 is 
disposed over the apertures for both waveguides 106 , 108 
such that the SACs 102 , 104 are arranged in the center of 
each waveguide aperture . By arranging the SACs 102 , 104 
in this manner , substrate mode is suppressed , and there is 
high isolation and less sensitivity to chip size . 
[ 0060 ] The illustrative IC 100 may be used , for example , 
within molecular clock 10 of FIG . 1A . That is , SACs 102 , 
104 of FIG . 5 may be the same as or similar to SACs 20 , 30 
of FIG . 1A , and waveguides 106 , 108 of FIG . 5 may be the 
same as or similar to waveguides 24 , 34 of FIG . 1A . In the 
disclosed arrangement , SACs 102,104 can provide low loss 
connection between the CMOS chip 110 and a waveguide 
gas cell ( e.g. , gas cell 21 of FIG . 2A ) so as to boost the 
spectroscopic signal - to - noise ratio of molecular clock 10 . 
[ 0061 ] Illustrated in FIGS . 6A and 6B are embodiments of 
a SAC 50 disposed on a CMOS chip 56. The illustrative 
SAC 50 can be the same as or similar to SAC 20 , 30 , 90 , 
102 , and / or 103 previously described in the context of FIGS . 
1A , 4A , and 5. Included on the SAC 50 are two - by - two , 
double - slot radiators 52a , 52b that can collimate an RF 
signal , or beam , and radiate the RF signal downward 
through the silicon substrate of CMOS chip 50 into an 
aperture 51 of a waveguide ( e.g. , waveguide 24 of FIG . 1A ) . 
In order to efficiently couple an RF signal from one wave 
guide to another ( e.g. , from waveguide 24 to waveguide 34 
in FIG . 1A ) , the array geometry is also shaped so that the 
electrical - field distribution at the silicon - waveguide inter 
face matches the TE10 mode of the waveguide . In some 
instances , the simulated loss and 3 dB fractional bandwidth 
of the SAC 50 are 5.2 dB and 22 % , respectively . The design 
of SAC 50 ( and the CMOS chip 56 configuration ) can be 
selected such that additional external components are not 
needed to transfer RF signals from one waveguide to 
another . Additionally , the configuration permits the wave to 
be confined inside the substrate of the CMOS chip and 
allows for robust clock operation despite variations in the 
chip architecture and environment . CMOS chip 56 shown in 
FIG . 6A may represent only a portion of a full CMOS chip 
56 used in a particular application . For example , CMOS chip 
56 of FIG . 6A may correspond to a portion of CMOS chip 
31 shown in FIG . 1A which includes two SACs along with 
transmit and receive circuitry . 
[ 0062 ] The SAC 50 illustrated in FIGS . 6A and 6B are 
integrated into a previously described CMOS chip such that 
there is a SAC for a transmitter and a second SAC for a 
receiver . SAC 50 comprises two ports . A first port corre 
sponds to the waveguide ( e.g. , WR4.3 rectangular wave 
guide TE10 mode ) that radiates an RF signal to the SAC 50 
through the back - side of the CMOS chip . A second port 
( Port 2 ) comprises an on - chip grounded coplanar waveguide 
transmission line 60 , also sometimes referred to herein as a 
grounded coplanar waveguide ( GCPW ) . 
[ 0063 ] In the example embodiment of FIGS . 6A , 6B , each 
SAC 50 includes four double - slot radiators ( i.e. a first pair 
of double - slot radiators 52a and a second pair of double - slot 
radiators 52b ) that together form an antenna array which 
couples RF signals between the chip on which the SAC is 
disposed and the waveguide over which the chip is disposed 
( e.g. ideally , highly efficient coupling of RF signals occurs 

between on - chip circuitry ( e.g. transmit circuitry such as an 
RF source and / or receive circuitry such as a receiver ) and the 
waveguide . 
[ 0064 ] The placement of SAC 50 is demonstrated in FIG . 
6B , which shows a single SAC 50 disposed over a wave 
guide aperture 51 having two pairs of parallel sides that are 
arranged orthogonally with respect to each other . The wave 
guide may be a rectangular waveguide that extends orthogo 
nal to the page , away from SAC 50. The SAC 50 can be 
positioned over waveguide aperture 51 such a center of SAC 
50 substantially aligns with a center of waveguide aperture 
51 as shown in FIG . 6B . In more detail , waveguide aperture 
51 can have a first pair of parallel sides of length W and 
second pair of parallel sides of length H. The relative 
position of the SAC 50 and waveguide aperture 51 can be 
selected such that a center of SAC 50 is approximately 
halfway along the length of the first pair of parallel sides 
( W / 2 ) and approximately halfway along the length of the 
second pair of parallel sides ( H / 2 ) , as shown . 
[ 0065 ] The dimensions of SAC 50 can be chosen so that 
the SAC 50 fits on a CMOS chip 56 sized for a particular 
application ( e.g. , for use within a molecular clock ) . In some 
embodiments , a CMOS chip on which SAC 50 is disposed 
can have a dimension of 4000 um by 1250 um . In some 
instances , the double slot radiator pairs 52a , 52b can be 
separated by a double slot radiator width 80 selected to 
maximize an amount of RF signal radiated and received . 
[ 0066 ] A first divider / combiner circuit 43a has a first port 
coupled to a first one 52a of the first pair of double slot 
radiators , a second port coupled to a second one 52a of the 
first pair of double slot radiators and a third port . A second 
divider / combiner circuit 43b has a first port coupled to a first 
one 54b of the second pair of double slot radiators , a second 
port coupled to a second one 54b of the second pair of 
double slot radiators and a third port . The third port of both 
the first and second divider / combiner circuits is coupled to 
a slot balun circuit comprising slot baluns 54a , 54b . Thus , 
RF signals are coupled between the first and second pairs of 
double - slot radiators 52a , 52b and GCPW port 60 via 
divider / combiner circuits 43a , 43b and the slot balun circuit . 
[ 0067 ] The slot balun circuit further includes a connecting 
channel 58 disposed between opposite trenched areas ( or 
channels ) of the slot baluns 54a , 54b so as to help generate 
a differential feed for the slot array from the single - ended 
GCPW port 60. In some embodiments , by appropriately 
selecting the array configuration of the radiators 52a , 525 
together with the configuration of the slot baluns 54a , 54b 
and the GCPW 60 , no wafer thinning of the CMOS chip is 
required . 
[ 0068 ] In some embodiments , SAC 50 can include a first 
pair of double slot radiators 52a , 52a ( that together form a 
first radiating element array ) and a second pair of double slot 
radiators 52b , 52b ( that together form a second radiating 
element array ) . In some instances , these radiators can 
include a first pair of radiators 52a on one side of the SAC 
50 and a second pair of radiators 52b on a second side of the 
SAC 50. As illustrated in FIG . 6A , in this illustrative 
embodiment the first and second pairs of radiators 52a , 52b 
are disposed on the same surface of a substrate . In other 
embodiments , the first and second pairs of radiators 52a , 52b 
may be disposed on opposing surfaces of the substrate . 
[ 0069 ] Furthermore , it should be appreciated that in this 
illustrative embodiment , since RF signals are being coupled 
between the SAC 50 and a rectangular waveguide , the first 
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and second pairs of radiators 52a , 52b are illustrated as 
being provided as double - slot radiators which are disposed 
or otherwise positioned opposite one another ( i.e. the first 
and second pairs of double - slot radiators are disposed on the 
same surface of the substrate , but on opposite sides of the 
substrate as shown in FIGS . 6A , 6B ) . Such an arrangement 
of radiators forms an electric field configuration suitable for 
coupling to / from a rectangular waveguide . It should be 
appreciated that other radiator arrangements ( i.e. both the 
selection of the specific type of radiating element , the 
number of radiating elements as well as the positioning of 
the radiating elements ) may also be used as long as the 
selected arrangement results in an electric field configuration 
suitable for coupling to / from a rectangular waveguide . Fur 
ther still , in embodiments in which it is desirable to couple 
RF signal from an IC to a waveguide having a shape which 
is not rectangular ( e.g. a circular waveguide ) , the selection 
of the specific type of radiating element , the number of 
radiating elements as well as the positioning of the radiating 
elements should be selected to result in an electric field 
configuration suitable for coupling to / from the particular 
type of waveguide being used . 
[ 0070 ] It should also be appreciated that SAC 50 is 
bidirectional and thus can function to receive or transmit an 
RF signal . For example , the radiators 52a , 52b can function 
to receive an RF signal from a waveguide or transmit an RF 
signal through a waveguide . 
[ 0071 ] GCPW 60 can be configured to receive RF signals 
from circuitry disposed or otherwise provided on the CMOS 
chip , e.g. via a signal path such as hard - wired connection 
such as a coaxial cable or other type of transmission line . 
The GCPW 60 can be grounded to a metal structure ( or 
" ground plane ” ) 57 on the backside of the CMOS chip 56 . 
Input to the GCPW 60 can be coupled ( e.g. hard - wired ) to 
either the receiver or transmitter circuitry installed on the 
CMOS chip and described herein . 
[ 0072 ] For example , SAC 50 may receive an RF signal at 
GCPW port 60 and couple the RF signal through the slot 
balun circuit 54a , 54b , 58 to respective ones of combiner / 
divider circuits 43a , 43b , and subsequently to the first and 
second pairs of double slot radiators 52a , 52b which then 
radiate the RF signal into a waveguide ( or into any wave 
length limited channel which may be formed by a wave 
guide , for example ) . Alternatively , SAC 50 may receive an 
RF signal from a waveguide ( e.g. via the first and second 
pairs of double slot radiators ) and couple the RF signal 
through respective ones of combiner / divider circuits 43a , 
43b , to the slot balun circuit 54a , 54b , 58 , and subsequently 
to GCPW port 60 . 
[ 0073 ] Slot baluns 54a , 54b may be provided as nearly 
identical trenched geometries situated opposite one another . 
Slot baluns 54a , 54b can be trenched into the surface of the 
substrate ( i.e. , the CMOS chip ) . Thus , slot baluns 54a , 54b 
have a floor and sides comprised largely of substrate . The 
geometry of the slot balun circuit , comprising slot baluns 
54a , 54b and connecting channel 58 , is such that it serves to 
isolate signals traveling from GCPW 60 to radiators 52a , 
52b and vice versa . The slot balun circuit be used to direct 
the RF signal and further isolate it from the vertical signals 
radiating to and from the double slot radiators 52a , 52b . It 
should be appreciated that the geometry and dimensions of 
the slot balun circuitry can be selected to reduce the amount 

of RF signal lost during receipt or transmission . Addition 
ally , the geometry and dimensions can be selected to opti 
mize efficiency . 
[ 0074 ] FIG . 7 shows an illustrative GCPW 60 where the 
sides of the substrate 61 together with metal structure 57 
permit the GCPW 60 to radiate the RF signal along a 
predetermined line to the slot balun . As shown , the electric 
field 63 is largely contained within the space bounded by the 
substrate 61 , the GCPW 60 , and metal structure 57. GCPW 
60 is a good isolator in that it is able to isolate a received 
signal from the signals radiated by double slot radiators of 
a SAC ( e.g. , SAC 50 of FIGS . 6A , 6B ) and because it 
permits horizontal movement of the signal . This horizontal 
movement further isolates the radiated signals which are 
radiated vertically from the SAC and to the radiators thereof . 
[ 0075 ] With reference to FIG . 7 and also FIGS . 6A , 6B , 
when a signal is received on GCPW 60 , the signal propa 
gates along the GCPW 60 and over a portion of the slot 
balun connecting channel 58 to the double slot radiators 52a , 
52b where the RF signal is transmitted out through a 
waveguide . In the reverse , radiators 52a , 52b receive an RF 
signal transmitted through a waveguide , through the back 
side of the SAC ( i.e. through the substrate ) and propagate 
this signal over the connecting channel 58 portion to the 
GCPW 60. Once received by the GCPW 60 , the signal 
propagates along the GCPW 60 over the hard - wired con 
nection between the GCPW 60 and the circuitry on the 
CMOS chip to a receiver such as the receiver described 
herein . 
[ 0076 ] FIG . 8 is a plot of S - parameters of a SAC which 
may be the same as or similar to the SAC 50 illustrated in 
FIGS . 6A and 6B . As shown in FIG . 8 , the SAC 50 presents 
an insertion loss of approximately 5.3 dB and 3 dB band 
width of 46 GHz ( 20 % relative bandwidth ) , with a center 
frequency of 231 GHz . In this example , a substrate conduc 
tivity of 10 S / m is assumed , since p - type doped silicon is 
generally used in a bulk CMOS process . With intrinsic 
silicon substrate ( silicon on insulator ( SOI ) process ) with 0 
S / m conductivity , the loss of coupler may be reduced to 1.8 
dB . 
[ 0077 ] It should be noted that substrate mode rejection 
affects isolation of the transmitter and the receiver , and thus 
is a necessary characteristic to reduce cross - talk between the 
transmitter and the receiver which can degrade system 
performance . Isolation can be achieved by confining the 
field distribution of the SAC in the vertical direction of 
CMOS chip . By doing this , the variation of the longitude 
dimension of the CMOS chip does not affect the transmis 
sivity characteristics of the slot - array coupler because the 
electromagnetic field is confined in the vertical direction . 
[ 0078 ] In some instances , the antenna array of the SAC 
mimics or substantially matches the E - field distribution of 
the waveguide . This mimicking results in a strong coupling 
between the SAC and the waveguide and a wide bandwidth . 
The insertion loss is therefore reduced ( and ideally mini 
mized ) . In some embodiments , the insertion loss is about 5.3 
dB , the bulk of which is loss due to the propagation of the 
signal through the CMOS chip or substrate . 
[ 0079 ] Having described exemplary embodiments , it will 
now become apparent to one of ordinary skill in the art that 
other embodiments incorporating their concepts may also be 
used . The embodiments contained herein should not be 
limited to disclosed embodiments but rather should be 
limited only by the spirit and scope of the appended claims . 
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All publications and references cited herein are expressly 
incorporated herein by reference in their entirety . 
[ 0080 ] Elements of different embodiments described 
herein may be combined to form other embodiments not 
specifically set forth above . Various elements , which are 
described in the context of a single embodiment , may also 
be provided separately or in any suitable sub - combination . 
Other embodiments not specifically described herein are 
also within the scope of the following claims . 

1. A slot array coupler comprising : 
a semiconductor substrate having first and second oppos 

ing surfaces ; 
first and second pairs of radiators disposed on a first one 

of the first and second opposing surfaces of the semi 
conductor substrate , the one or more double slot radia 
tors responsive to a radio frequency ( RF ) signals , 

a first divider / combiner circuit having a first port coupled 
to a first one of the first pair of double slot radiators , a 
second port coupled to a second one of the first pair of 
double slot radiators and a third port ; 

a second divider / combiner circuit having a first port 
coupled to a first one of the second pair of double slot 
radiators , a second port coupled to a second one of the 
second pair of double slot radiators and a third port ; 

a slot balun circuit having a first port coupled to the third 
port of the first divider / combiner circuit and a second 
port coupled to the third port of the second divider / 
combiner circuit ; and 

a grounded coplanar waveguide ( GCPW ) transmission 
line having a first end corresponding to an input / output 
port of the slot array coupled and having a second end 
coupled to the slot balun circuit and configured to 
receive signals from or provide signals to the slot balun 
circuit . 

2. The slot array coupler of claim 1 wherein the one or 
more radiators are provided as double - slot radiators . 

3. The slot array coupler of claim 1 wherein the one or 
more radiators are provided as first and second pairs of 
double - slot radiators . 

4. The slot array coupler of claim 3 wherein the first and 
second pairs of double - slot radiators are disposed on oppo 
site sides of the substrate . 

5. The slot array coupler of claim 4 wherein the first and 
second pairs of double - slot radiators are configured to 
coupled RF signals to / from a rectangular waveguide . 

6. The slot array coupler of claim 3 wherein the one or 
more double slot radiators receive the RF signal via a 
backside of the silicon substrate . 

7. The slot array coupler of claim 1 wherein the grounded coplanar waveguide is configured to receive an RF signal 
from a transmitter circuit . 

8. The slot array coupler of claim 6 wherein the coplanar 
waveguide receives the RF signal over a hard - wired con 
nection installed between the coplanar waveguide and the 
transmitter circuit . 

9. The slot array coupler of claim 6 wherein the coplanar 
waveguide propagates the RF signal in a horizontal direction 
towards the double slot radiators . 

10. The slot array coupler of claim 8 wherein the coplanar 
waveguide propagates the RF signal across a channel 
formed within the slot balun circuit to the double slot 
radiators . 

11. A system from propagating a radio frequency ( RF ) 
signal comprising : 

a first coupler in communication with a first waveguide , 
wherein the first coupler is configured to receive an RF 
signal propagating through the first waveguide ; 

a receiver electrically connected to the first coupler , the 
receiver configured to receive the RF signal from the 
first coupler ; 

a transmitter electrically connected to the receiver and 
configured to transmit the RF signal to a second coupler 
electrically connected to the transmitter , and 

the second coupler in communication with a second 
waveguide , the second coupler configured to receive 
the RF signal and transmit the RF signal through the 
second waveguide . 

12. The system of claim 10 wherein the first coupler 
receives the RF signal via one or more double slot radiators 
installed on the first coupler . 

13. The system of claim 11 wherein the first coupler is 
configured to propagate the RF signal from the double slot 
radiators to a grounded coplanar waveguide installed on the 
first coupler , wherein the grounded coplanar waveguide is 
hard - wired to the receiver . 

14. The system of claim 10 wherein the transmitter is 
electrically coupled to the second coupler via a hard - wired 
connection between the transmitter and a grounded coplanar 
waveguide on the second coupler . 

15. The system of claim 13 wherein the grounded copla 
nar waveguide is configured to propagate the RF signal 
received from the transmitter to one or more double slot 
radiators on the second coupler . 

16. The system of claim 14 wherein the double slot 
radiators are configured to transmit the RF signal through 
the second waveguide . 


