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(57) ABSTRACT 

A receiver architecture for carrier aggregation is disclosed. In 
an exemplary design, an apparatus (e.g., a wireless device, a 
circuit module, etc.) includes a plurality of low noise ampli 
fiers (LNAs), a plurality of switches, and at least one down 
converter. The LNAs receive and amplify at least one input 
radio frequency (RF) signal and provide at least one amplified 
RF signal. The switches are coupled to the outputs of the 
plurality of LNAs. The at least one downconverter is coupled 
to the plurality of switches, downconverts the at least one 
amplified RF signal, and provides at least one downconverted 
signal. The switches reduce the number of downconverters 
needed to Support reception of transmissions on multiple sets 
of carriers via multiple receive antennas. The LNAs and the 
Switches may be implemented on at least one front-end mod 
ule or a back-end module. The downconverter(s) are imple 
mented on the back-end module. 
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Amplify at least one input RF signal 
with at least one of a plurality of LNAS 

to obtain at least one amplified RF signal 

Route the at least one amplified RF signal 
via at least one of a plurality of Switches 
coupled to outputs of the plurality of LNAS 

Downconvert the at least one amplified 
RF signal with at least one downconverter 

coupled to the plurality of Switches 

FIG. 10 
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CARRIERAGGREGATION RECEIVER 
ARCHITECTURE 

BACKGROUND 

I. Field 
The present disclosure relates generally to electronics, and 

more specifically to a receiver architecture for a wireless 
device. 

II. Background 
A wireless device (e.g., a cellular phone or a Smartphone) 

in a wireless communication system may transmit and receive 
data for two-way communication. The wireless device may 
include a transmitter for data transmission and a receiver for 
data reception. For data transmission, the transmitter may 
modulate a radio frequency (RF) carrier signal with data to 
obtain a modulated RF signal, amplify the modulated RF 
signal to obtain an output RF signal having the proper output 
power level, and transmit the output RF signal via an antenna 
to a base station. For data reception, the receiver may obtain 
a received RF signal via the antenna and may amplify and 
process the received RF signal to recover data sent by the base 
station. 
A wireless device may support carrier aggregation, which 

is simultaneous operation on multiple carriers. A carrier may 
refer to a range of frequencies used for communication and 
may be associated with certain characteristics. For example, a 
carrier may be associated with system information describing 
operation on the carrier. A carrier may also be referred to as a 
component carrier (CC), a frequency channel, a cell, etc. It is 
desirable to efficiently support carrier aggregation by the 
wireless device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a wireless device communicating with a 
wireless system. 

FIGS. 2A to 2D show four examples of carrier aggregation 
(CA). 

FIG.3 shows a block diagram of the wireless device in FIG. 
1. 

FIGS. 4A to 6 show some exemplary designs of front-end 
and back-end modules within the wireless device. 

FIGS. 7 and 8 show two exemplary designs of a multiple 
input multiple-output (MIMO) low noise amplifier (LNA). 

FIG. 9 shows an exemplary design of a pair of downcon 
Verters. 

FIG. 10 shows a process for receiving transmissions in a 
wireless system. 

DETAILED DESCRIPTION 

The detailed description set forth below is intended as a 
description of exemplary designs of the present disclosure 
and is not intended to represent the only designs in which the 
present disclosure can be practiced. The term “exemplary” is 
used herein to mean 'serving as an example, instance, or 
illustration.” Any design described herein as “exemplary' is 
not necessarily to be construed as preferred or advantageous 
over other designs. The detailed description includes specific 
details for the purpose of providing a thorough understanding 
of the exemplary designs of the present disclosure. It will be 
apparent to those skilled in the art that the exemplary designs 
described herein may be practiced without these specific 
details. In some instances, well-known structures and devices 
are shown in block diagram form in order to avoid obscuring 
the novelty of the exemplary designs presented herein. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
A receiver architecture Suitable for carrier aggregation and 

having various advantages is disclosed herein. The receiver 
architecture may be used for various types of electronic 
devices such as wireless communication devices. 

FIG. 1 shows a wireless device 110 capable of communi 
cating with a wireless communication system 120. Wireless 
system 120 may be a Long Term Evolution (LTE) system, a 
Code Division Multiple Access (CDMA) system, a Global 
System for Mobile Communications (GSM) system, a wire 
less local area network (WLAN) system, or some other wire 
less system. A CDMA system may implement Wideband 
CDMA (WCDMA), Time Division Synchronous CDMA 
(TD-SCDMA), cdma2000, or some other version of CDMA. 
For simplicity, FIG. 1 shows wireless system 120 including 
two base stations 130 and 132 and one system controller 140. 
In general, a wireless system may include any number of base 
stations and any set of network entities. 

Wireless device 110 may also be referred to as a user 
equipment (UE), a mobile station, a terminal, an access ter 
minal, a subscriber unit, a station, etc. Wireless device 110 
may be a cellular phone, a Smartphone, a tablet, a wireless 
modem, a personal digital assistant (PDA), a handheld 
device, a laptop computer, a Smartbook, a netbook, a cordless 
phone, a wireless local loop (WLL) station, a Bluetooth 
device, etc. Wireless device 110 may be capable of commu 
nicating with wireless system 120. Wireless device 110 may 
also be capable of receiving signals from broadcast stations 
(e.g., a broadcast station 134), signals from satellites (e.g., a 
satellite 150) in one or more global navigation satellite sys 
tems (GNSS), etc. Wireless device 110 may support one or 
more radio technologies for wireless communication Such as 
LTE, cdma2000, WCDMA, TD-SCDMA, GSM, 802.11, etc. 

Wireless device 110 may support carrier aggregation, 
which is operation on multiple carriers. Carrier aggregation 
may also be referred to as multi-carrier operation. Wireless 
device 110 may be able to operate in low-band from 698 to 
960 megahertz (MHz), mid-band from 1475 to 2170 MHz, 
and/or high-band from 2300 to 2690 and 3400 to 3800 MHz. 
Low-band, mid-band, and high-band refer to three groups of 
bands (or band groups), with each band group including a 
number of frequency bands (or simply, “bands'). Each band 
may cover up to 200 MHz and may include one or more 
carriers. Each carrier may cover up to 20 MHz in LTE. LTE 
Release 11 supports 35 bands, which are referred to as LTE/ 
UMTS bands and are listed in 3GPP TS 36.101. Wireless 
device 110 may be configured with up to 5 carriers in one or 
two bands in LTE Release 11. 

In general, carrier aggregation (CA) may be categorized 
into two types intra-band CA and inter-band CA. Intra 
band CA refers to operation on multiple carriers within the 
same band. Inter-band CA refers to operation on multiple 
carriers in different bands. 

FIG. 2A shows an example of contiguous intra-band CA. 
In the example shown in FIG. 2A, wireless device 110 is 
configured with four contiguous carriers in the same band, 
which is a band in low-band. Wireless device 110 may send 
and/or receive transmissions on multiple contiguous carriers 
within the same band. 

FIG. 2B shows an example of non-contiguous intra-band 
CA. In the example shown in FIG. 2B, wireless device 110 is 
configured with four non-contiguous carriers in the same 
band, which is a band in low-band. The carriers may be 
separated by 5 MHz, 10 MHz, or some other amount. Wire 
less device 110 may send and/or receive transmissions on 
multiple non-contiguous carriers within the same band. 

FIG. 2C shows an example of inter-band CA in the same 
band group. In the example shown in FIG.2C, wireless device 
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110 is configured with four carriers in two bands in the same 
band group, which is low-band. Wireless device 110 may 
send and/or receive transmissions on multiple carriers in dif 
ferent bands in the same band group (e.g., low-band in FIG. 
2C). 

FIG. 2D shows an example of inter-band CA in different 
band groups. In the example shown in FIG. 2D, wireless 
device 110 is configured with four carriers in two bands in 
different band groups, which include two carriers in one band 
in low-band and two additional carriers in another band in 
mid-band. Wireless device 110 may send and/or receive 
transmissions on multiple carriers in different bands in dif 
ferent band groups (e.g., low-band and mid-band in FIG.2D). 

FIGS. 2A to 2D show four examples of carrier aggregation. 
Carrier aggregation may also be supported for other combi 
nations of bands and band groups. For example, carrier aggre 
gation may be supported for low-band and high-band, mid 
band and high-band, high-band and high-band, etc. 

FIG. 3 shows a block diagram of an exemplary design of 
wireless device 110 in FIG. 1. In this exemplary design, 
wireless device 110 includes a front-end module 320 coupled 
to a primary antenna 310, a front-end module 322 coupled to 
a secondary antenna 312, a back-end module 370, and a data 
processor/controller 380. 

In the exemplary design shown in FIG.3, front-end module 
320 includes an antenna interface circuit 324, multiple (K) 
power amplifiers (PAs) 330a to 330k, and multiple (K) 
MIMO LNAS 340pa to 340pk to support multiple bands, 
carrier aggregation, multiple radio technologies, etc. Front 
end module 322 includes an antenna interface circuit 326 and 
multiple (L) MIMOLNAS 340sa to 340sl to support multiple 
bands, carrier aggregation, multiple radio technologies, 
receive diversity, MIMO transmission from multiple transmit 
antennas to multiple receive antennas, etc. 

Antenna interface circuit 324 may obtain a received RF 
signal from antenna 310 and may provide one or more input 
RF signals to one or more MIMO LNAS 340. Antenna inter 
face circuit 324 may also receive an output RF signal from 
one power amplifier 330 and may provide the output RF 
signal to antenna 310. Antenna interface circuit 324 may 
include switches, duplexers, transmit filters, receive filters, 
matching circuits, etc. Antenna interface circuit 326 may 
obtain a received RF signal from antenna 312 and may pro 
vide one or more input RF signals to one or more MIMO 
LNAS 340. Antenna interface circuit 326 may include 
Switches, receive filters, matching circuits, etc. 
Each MIMO LNA 340 includes (i) N inputs that can 

receive up to Ninput RF signals from antenna interface circuit 
324 or 326 and (ii) M outputs that can provide up to M 
amplified RF signals to back-end module 370, where N>1 and 
M>1. MIMO LNA340pa to 340pk and MIMO LNAS 340sa 
to 340sl may include the same or different numbers of inputs 
and may also include the same or different numbers of out 
puts. Hence, N and M may be the same for all MIMO LNAs 
340 or different for different MIMO LNAS 340. A MIMO 
LNA with N inputs and M outputs may be referred to as an 
NXMMIMO LNA. 
MIMO LNAS 340 may be used to receive transmissions on 

multiple carriers at different frequencies. A MIMO LNA is 
different from LNAs used to receive a MIMO transmission 
sent from multiple transmit antennas to multiple receive 
antennas. An LNA for a MIMO transmission typically has (i) 
one input receiving one input RF signal from one receive 
antenna and (ii) one output providing one amplified RF sig 
nal. The multiple outputs of a MIMO LNA thus cover fre 
quency dimension whereas the outputs of LNAS used for a 
MIMO transmission cover spatial dimension. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
Each MIMO LNA 340 may operate in a single-output 

mode, an intra-band CA mode, an inter-band same band 
group CA mode, or an inter-band different band groups CA 
mode at any given moment. The single-output mode may be 
used to receive a transmission sent on a single carrier without 
carrier aggregation or transmissions sent on multiple carriers 
with carrier aggregation. In the single-output mode or the 
inter-band different band groups CA mode, a MIMO LNA 
operates in a 1x1 configuration, receives one input RF signal 
comprising one or more transmissions on one set of carriers in 
one band, and provides one amplified RF signal. In the intra 
band CA mode, the MIMO LNA operates in a 1xM configu 
ration, receives one input RF signal comprising multiple 
transmissions on M sets of carriers in the same band, and 
provides Mamplified RF signals for the M sets of carriers. In 
the inter-band same band group CA mode, the MIMO LNA 
operates in an NxM configuration, receives N input RF sig 
nals comprising multiple transmissions on M sets of carriers 
in up to N bands, and provides Mamplified RF signals for the 
M sets of carriers. Each set of carriers may include one or 
more carriers. Each carrier may have abandwidth of 1.4.3, 5, 
10, 15 or 20 MHz in LTE. 
Back-end module 370 includes various circuits to condi 

tion signals for transmission via antenna 310. Such as ampli 
fiers, filters, upconverters, matching circuits, oscillators, local 
oscillator (LO) generators, phase-locked loops (PLL), etc. 
Back-end module 370 also includes various circuits to con 
dition signals received via antennas 310 and 312, such as 
downconverters, filters, amplifiers, matching circuits, oscil 
lators, LO generators, PLLs, etc. Back-end module 370 also 
includes switches and signal traces to interconnect MIMO 
LNAS 340 to downconverters within back-end module 370, as 
described below. Back-end module 370 may also be referred 
to as a transceiver module. 

Front-end modules 320 and 322 and back-end module 370 
may be implemented in various manners. In one exemplary 
design, modules 320,322 and 370 may each be implemented 
on one or more analog integrated circuit (ICs), RF ICs 
(RFICs), mixed-signal ICs, circuit modules, etc. For 
example, modules 320, 322 and 370 may each be imple 
mented on a separate RFIC or circuit module. Antenna inter 
face circuits 324 and 326 may be implemented on (i) the same 
ICs or circuit modules as PAS 330 and LNAS 340 or (ii) 
separate ICs or circuit modules. Front-end modules 320 and 
322 and back-end module 370 may also be implemented in 
other manners. 

Data processor/controller 380 may perform various func 
tions for wireless device 110. For example, data processor 
380 may perform processing for data being received by wire 
less device 110 and data being transmitted by wireless device 
110. Controller 380 may control the operation of various 
circuits in front-end modules 320 and 322 and back-end mod 
ule 370. A memory 382 may store program codes and data for 
data processor/controller 380. Data processor/controller 380 
may be implemented on one or more application specific 
integrated circuits (ASICs) and/or other ICs. 

Wireless device 110 may support a number of bands and 
may also support carrier aggregation. Hence, antenna inter 
face circuits 324 and 324 may provide a large number of input 
RF signals for all Supported bands and for carrier aggregation. 
Implementing antenna interface circuit 324 and MIMOLNAs 
340pa to 340pk together on the same front-end module 320 
may avoid the need for RF interconnections between antenna 
interface circuit 324 and MIMOLNAS 340. Similarly, imple 
menting antenna interface circuit 326 and MIMO LNAs 
340sa to 340sk together on the same front-end module 322 
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may avoid the need for RF interconnections between antenna 
interface circuit 326 and MIMO LNAS 340. 

However, by including MIMO LNAS 340 in front-end 
modules 320 and 322 instead of back-end module 370, there 
may be a large number of RF interconnections between front- 5 
end modules 320 and 322 and back-end module 370, or more 
specifically, between MIMOLNAS 340 and back-end module 
370. This may then require a large number of input/output 
(I/O) pins on front-end modules 320 and 322 and back-end 
module 370. The number of I/O pins may increase in propor- 10 
tion to the number of LNAs interfacing with antenna interface 
circuits 324 and 326. As a result, package area of front-end 
modules 320 and 322, die area of back-end module 370, and 
routing area of a printed circuitboard (PCB) containing front 
end modules 320 and 322 and back-end module 370 may 15 
increase significantly. 
The carrier aggregation receiver architecture described 

herein may provide various advantages. First, the receiver 
architecture may reduce the number of RF interconnections 
between front-end modules 322 and 322 and back-end mod- 20 
ule 370, which may then reduce the number of I/O pins on 
modules 320, 322 and 370. Second, the receiver architecture 
may reduce package area of front-end modules 320 and 322. 
die area of back-end module 370, and routing area of a PCB 
containing modules 320, 322 and 370. 25 

In an exemplary design, wireless device 110 may simulta 
neously receive transmissions on up to two sets of carriers in 
up to two band groups. Each set of carriers may include one or 
more carriers on which transmissions can be sent to wireless 
device 110. Wireless device 110 may perform downconver- 30 
sion separately for each set of carriers on which transmissions 
are sent to wireless device 110. Furthermore, wireless device 
110 may perform downconversion separately for each 
antenna. For example, wireless device 110 may receive trans 
missions on two sets of carriers via two antennas 310 and 312. 35 
Wireless device 110 may then perform downconversion sepa 
rately for (i) a first set of carriers for primary antenna 310, (ii) 
the first set of carriers for secondary antenna 312, (iii) a 
second set of carriers for primary antenna 310, and (iv) the 
second set of carriers for secondary antenna 312. Wireless 40 
device 110 may perform downconversion for the first set of 
carriers for both antennas 310 and 312 using LO signals at a 
first frequency, which may be determined based on the center 
frequencies of the carriers in the first set. Wireless device 110 
may perform downconversion for the second set of carriers 45 
for both antennas 310 and 312 using LO signals at a second 
frequency, which may be determined based on the center 
frequencies of the carriers in the second set. 

FIG. 4A shows a schematic diagram of front-end modules 
320a and 322a and back-end module 370a, which are one 50 
exemplary design of front-end modules 320 and 322 and 
back-end module 370 in FIG. 3. In the exemplary design 
shown in FIG. 4A, front-end module 320a includes three 
MIMO LNAS 440pa, 440pb and 440pc for primary antenna 
320 for low-band, mid-band, and high-band, respectively. 55 
Front-end module 322a includes three MIMO LNAS 440.sa, 
440.sb and 440sc for secondary antenna 322 for low-band, 
mid-band, and high-band, respectively. MIMOLNAS 440 are 
one exemplary design of MIMO LNAS 340 in FIG. 3. 

In the exemplary design shown in FIG. 4A, MIMO LNA 60 
440pa is a 4x2 MIMOLNA with four inputs and two outputs. 
MIMO LNA 440pa includes four gain circuits 442a to 442d, 
eight cascode transistors 444a to 444d and 446a to 446d. and 
two load circuits 448a and 448b. Each gain circuit 442 may be 
implemented with a transistor having its gate receiving an 65 
input RF signal, its sources coupled to circuit ground directly 
or via a source degeneration inductor, and its drain coupled to 

6 
the output of the gain circuit. Gain circuits 442a to 442d may 
be used for four bands in low-band and may be coupled to four 
duplexers or matching circuits within antenna interface cir 
cuit 324, which may provide one or two input RF signals to 
one or two of gain circuits 442a to 442d. Cascode transistors 
444a to 444d have their sources coupled to the output of gain 
circuits 442a to 442d, respectively, and their drains coupled to 
load circuit 448a. Cascode transistors 446a to 446d have their 
Sources coupled to the output of gain circuits 442a to 442d, 
respectively, and their drains coupled to load circuit 448b. 
Cascode transistors 444a to 444d and 446a to 446d receive 
different control signals, and each cascode transistor 444 or 
446 may be turned on or off based on its control signal. Load 
circuit 448a provides a first amplified RF signal for a first set 
of carriers in low-band. Load circuit 448b provides a second 
amplified RF signal for a second set of carriers in low-band. 
MIMO LNAS 440pa in FIG. 4A may provide various 

advantages. First, by combining the cascode transistors for 
each carrier set, the number of LNA outputs may be greatly 
reduced from eight to two. This may greatly reduce the num 
ber of I/O pins required to interface front-end modules 320 
and 322 with back-end module 370. Second, each MIMO 
LNA 440 in FIG. 4A may provide its outputs to back-end 
module 370 instead of another front-end module. This may 
improve performance. 

FIG. 4A shows an exemplary design of 4x2 MIMO LNA 
440pa. In general, an NXMMIMOLNA with N inputs and M 
outputs may be implemented with Ngain circuits, up to N*M 
cascode transistors, and M load circuits. The cascode transis 
tors may be used to interconnect the N gain circuits to the M 
load circuits. Full interconnection may be obtained by using 
NM cascode transistors to connect each gain circuit to each 
load circuit. Partial interconnection may be obtained by con 
necting a Subset of the gain circuits (instead of all N gain 
circuits) to each load circuit. 
MIMO LNAS 440pb., 440pc., 440.sa, 440.sb and 440sc may 

be implemented in similar manner as MIMO LNA 440pa in 
FIG. 4A. The NxM dimension of each MIMOLNA 440 may 
be dependent on various factors such as the number of bands 
Supported in each band group, the number of sets of carriers 
on which transmissions may be sent simultaneously to wire 
less device 100, the number of available I/O pins, etc. In one 
exemplary design, MIMO LNAS 440pa, 440pc. 440.sa and 
440sc are 4x2 MIMO LNAs, and MIMO LNAS 440pb and 
440.sb are 6x2 MIMO LNAs. MIMO LNAS 440 may also 
have other dimensions. 

In the exemplary design shown in FIG. 4A, back-end mod 
ule 370a includes six pairs of switches 468 for the six MIMO 
LNAS 440. Switches 468a 1, 468b1 and 4.68c 1 have one end 
coupled to node A1 and the other end coupled to the first 
output of MIMO LNAS 440pa, 440pb and 440pc, respec 
tively. Switches 468a2, 468b2 and 468c2 have one end 
coupled to node A2 and the other end coupled to the second 
output of MIMO LNAS 440pa, 440pb and 440pc, respec 
tively. Switches 468d1, 468e1 and 468/1 have one end 
coupled to node B1 and the other end coupled to the first 
output of MIMOLNAS 440.sa, 440.sband 440.sc, respectively. 
Switches 468d2, 468e2 and 468f2 have one end coupled to 
node B2 and the other end coupled to the second output of 
MIMO LNAS 440.sa, 440.sb and 440.sc, respectively. 

In the exemplary design shown in FIG. 4A, switches 468 
are implemented on back-end module 370a. It may be desir 
able to implement switches 468 on back-end module 370a 
since the Switches may help with impedance matching 
between front-end modules 320 and 322 and back-end mod 
ule 370a, e.g., if 50-ohm transmission lines are used between 
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front-end modules 320 and 322 and back-end module 370a. 
The outputs of front-end modules 320 and 322 may be 
designed as 50-ohm outputs. 

In another exemplary design, Switches 468 are imple 
mented on front-end modules 320 and 322 (instead of back 
end module 370). This may reduce the number of RF inter 
connections between front-end modules 320 and 322 and 
back-end module 370. For example, the number of RF con 
nections between front-end modules 320 and 322 and back 
end module 370 may be reduced from 12 (as shown in FIG. 
4A) to 4 (not shown in FIG. 4A) by implementing switches 
468 on front-end modules 320 and 322. 

In the exemplary design shown in FIG. 4A, back-end mod 
ule 370a further includes two pairs of downconverters, which 
includes a first pair of downconverters 470a1 and 470b 1 for a 
first set of carriers (or a first carrier set) and a second pair of 
downconverters 470a2 and 470b2 for a second set of carriers 
(or a second carrier set). Each pair of downconverters 
includes one downconverter 470a for primary antenna 310 
and another downconverter 470b for secondary antenna 312. 
Wireless device 110 may simultaneously receive transmis 
sions on up to two sets of carriers in up to two band groups. Up 
to two pairs of downconverters 470 may be used to perform 
downconversion for up to two sets of carriers, one pair of 
downconverters 470 for each set of carriers. Each enabled 
pair of downconverters 470 receives two amplified RF signals 
from two MIMOLNAS 440 coupled to two antennas 310 and 
312 and separately downconverts the two amplified RF sig 
nals with two LO signals at the same frequency. 

Downconverters 470a1 and 470b1 perform downconver 
sion for the first carrier set in low-band, mid-band, or high 
band. Switch 468a 1, 468b1 or 468c1 is closed to route an 
amplified RF signal from the first output of MIMO LNA 
440pa, 440pb or 440pc to downconverter 470a1. Switch 
468d1, 468e 1 or 468/1 is closed to route an amplified RF 
signal from the first output of MIMO LNA 440.sa, 440.sb or 
440sc to downconverter 470b 1. Downconverters 470a2 and 
470b2 perform downconversion for the second carrier set in 
low-band, mid-band, or high-band. Switch 468a2,468b2 or 
468c2 is closed to route an amplified RF signal from the 
second output of MIMO LNA 440pa, 440pb or 440pc to 
downconverter 470a2. Switch 468d2, 468e2 or 468f2 is 
closed to route an amplified RF signal from the second output 
of MIMO LNA 440.sa, 440.sb or 440sc to downconverter 
47Ob2. 

In the exemplary design shown in FIG. 4A, back-end mod 
ule 370a further includes (i) lowpass filters 472a1 and 472b1 
for downconverters 470a1 and 470b1 for the first carrier set 
and (ii) lowpass filters 472a2 and 472b2 for downconverters 
470a2 and 470b2 for the second carrier set. Lowpass filter 
472a receives and filters a downconverted signal from down 
converter 470a1 and provides an output baseband signal for 
the first carrier set for primary antenna 310. Lowpass filter 
472b receives and filters a downconverted signal from down 
converter 470b1 and provides an output baseband signal for 
the first carrier set for secondary antenna 312. Lowpass filter 
472a2 receives and filters a downconverted signal from 
downconverter 470a2 and provides an output baseband signal 
for the second carrier set for primary antenna 310. Lowpass 
filter 472b2 receives and filters a downconverted signal from 
downconverter 470b2 and provides an output baseband signal 
for the second carrier set for secondary antenna 312. Lowpass 
filters 472a1 and 472b1 may have a fixed bandwidth or a 
configurable bandwidth, which may be dependent on the 
bandwidths of the carriers in the first carrier set. Lowpass 
filters 472a2 and 472b2 may also have a fixed bandwidth or a 
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8 
configurable bandwidth, which may be dependent on the 
bandwidths of the carriers in the second carrier set. 

In the exemplary design shown in FIG. 4A, back-end mod 
ule 370a further includes (i) a PLL 480a, a voltage-controlled 
oscillator (VCO)482a, and an LO generator 484a for the first 
carrier set and (ii) a PLL 480b, a VCO 482b, and an LO 
generators 484b for the second carrier set. Each PLL 480 may 
include a phase-frequency detector, a charge pump, a loop 
filter, a frequency divider, etc. Each LO generator 484 may 
include a frequency divider, buffers, etc. 
VCO 482a generates a first VCO signal at a first VCO 

frequency, which may be determined based on the frequen 
cies of the carriers in the first carrier set. PLL 480a provides 
a first control signal to adjust the oscillation frequency of 
VCO 482a so that the first VCO frequency is at a target 
frequency for the first carrier set. This target frequency may 
be dependent on the frequencies of the carriers in the first 
carrier set, which may in turn be dependent on whether the 
first carrier set is in low-band, mid-band, or high-band. LO 
generator 484a receives the first VCO signal from VCO 482a 
and provides LO signals to downconverters 470a1 and 470b 1. 

Similarly, VCO 482b generates a second VCO signal at a 
second VCO frequency, which may be determined based on 
the frequencies of the carriers in the second carrier set. PLL 
480b provides a second control signal to adjust the oscillation 
frequency of VCO 482b so that the second VCO frequency is 
at a target frequency for the second carrier set. This target 
frequency may be dependent on the frequencies of the carriers 
in the second carrier set, which may in turn be dependent on 
whether the second carrier set is in low-band, mid-band, or 
high-band. LO generator 484b receives the second VCO sig 
nal from VCO 482b and provides LO signals to downconvert 
ers 470a2 and 470b2. 

In the exemplary design shown in FIG. 4A, each downcon 
verter pair includes two downconverters 470 for two antennas 
310 and 312 for one carrier set in one band. The two down 
converters 470 in each pair receive LO signals at the same 
frequency from an associated LO generator 484. The two 
downconverters 470 in each pair are placed close together in 
order to shorten the routing of the LO signals from the asso 
ciated LO generator 484. The two downconverters 470 in 
each pair receive two amplified RF signals from two MIMO 
LNAS 440. One or both amplified RF signals for each down 
converter pair may be routed via a relatively long signal trace 
in order to reach the downconverters. For example, downcon 
verters 470a1 and 470b1 are for the first carrier set and are 
placed close together in order to shorten the signal traces from 
LO generator 484a to downconverters 470a1 and 470b 1. A 
first amplified RF signal from MIMOLNA 440pa for primary 
antenna 310 may be routed over a relatively long signal trace 
to downconverter 470a1. A second amplified RF signal from 
MIMOLNA 440.sa for secondary antenna 312 may be routed 
over a relatively short signal trace to downconverter 470b 1. 
The closeness of the two downconverters 470 in each pair 

of downconverters may be quantified in various manners. In 
one exemplary design, the two downconverters 470 in each 
pair may be placed closer than a predetermined distance, 
which may be selected to obtain good performance, e.g., 
sufficiently low power consumption for LO generators 484. 
In another exemplary design, for each pair of downconvert 
ers, the routing distance d of the LO signals from the LO 
generator to the downconverters may be shorter than (i) the 
routing distance ds of the first amplified RF signal pro 
vided to a first downconverter in the pair and/or (ii) the rout 
ing distance ds of the second amplified RF signal provided 
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to a second downconverter in the pair. The closeness of the 
two downconverters 470 in each pair may also be quantified 
in other manners. 

Placing each pair of downconverters 470 sharing the same 
LO generator 484 close to each other may reduce the signal 
traces for the LO signals from LO generator 484 to downcon 
verters 470. The shorter signal traces for the LO signals may 
provide various advantages such as reduced power consump 
tion of LO generators 484, less radiation of the LO signals, 
etc. 

In the exemplary design shown in FIG. 4A, back-end mod 
ule 370a may be symmetric aboutline XY. The circuits within 
back-end module 370a may be fabricated on an IC die. The 
entire IC die may be used for a wireless device supporting 
carrier aggregation on two antennas. The IC die may be split 
at line XY. Each half of the IC die can support operation via a 
single antenna without receive diversity. Each half of the IC 
die may be used for a wireless device not Supporting receive 
diversity. 

FIG. 4B shows a schematic diagram of front-end modules 
320b and 322b, which are another exemplary design of front 
end modules 320 and 322 in FIG. 3. Front-end module 320b 
includes three MIMO LNAS 440pa, 440pb and 440pc for 
primary antenna 310 for low-band, mid-band, and high-band, 
respectively. Front-end module 322b includes three MIMO 
LNAS 440.sa, 440.sb and 440sc for secondary antenna 312 for 
low-band, mid-band, and high-band, respectively. MIMO 
LNA 440pa for low-band includes four gain circuits 442a to 
442d. eight cascode transistors 444a to 444d and 446a to 
446d. and two load circuits 448a and 448b, which are coupled 
as described above for FIG. 4A. 
MIMO LNA 440pb for mid-band includes Ngain circuits 

452a to 452n, 2N cascode transistors 454a to 454n and 456a 
to 456n, and two load circuits 458a and 458b, where N>1 in 
general and N-6 in one exemplary design. Gain circuits 452a 
to 452n may be coupled to N duplexers or matching circuits 
within antenna interface circuit 324, which may provide one 
or two input RF signals to one or two of gain circuits 452a to 
452n. Cascode transistors 454a to 454n have their sources 
coupled to the output of gain circuits 452a to 452n, respec 
tively, and their drains coupled to load circuit 458a. Cascode 
transistors 456a to 456n have their sources coupled to the 
output of gain circuits 452a to 452n, respectively, and their 
drains coupled to load circuit 458b. Cascode transistors 454a 
to 454n and 456a to 456n receive different control signals, 
and each cascode transistor 454 or 456 may be turned on or off 
based on its control signal. Load circuit 458a provides a first 
amplified RF signal for a first set of at least one carrier in 
mid-band. Load circuit 458b provides a second amplified RF 
signal for a second set of at least one carrier in mid-band. 

In the exemplary design shown in FIG. 4B, a cascode 
transistor 460a has its source coupled to the output of gain 
circuit 452a within MIMO LNA 440pb, its gate receiving a 
control signal, and its drain coupled to load circuit 448a 
within MIMOLNA 440pa. Cascode transistor 460 functions 
as a port expander Switch that can route an RF signal from 
MIMO LNA 440pb for mid-band to MIMO LNA 440pa for 
low-band. Gain circuit 452a within MIMO LNA 440pb may 
be operated at low-band and may provide its amplified RF 
signal via cascode transistor 460a to load circuit 448a within 
MIMO LNA 440pa. The number ports for low-band may be 
effectively increased from four to five with the use of the port 
expander. A cascode transistor 460b may be coupled between 
MIMOLNAS 440.sa and 440.sband may act as a port expander 
for MIMO LNA 460Sa. 

In general, one or more port expanders may be used 
between any pair of MIMO LNAs. Each port expander may 
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be coupled between again circuit in one MIMO LNA and a 
load circuit in another MIMO LNA. More port expanders 
may be used to effectively increase the number of ports of a 
MIMOLNA 

FIG. 5 shows a schematic diagram of back-end module 
370b, which is another exemplary design of back-end module 
370 in FIG. 3. In the exemplary design shown in FIG. 5, 
back-end module 370b includes six pairs of downconverters 
(DC) 470, as follows: 

First pair of downconverters 470a1 and 470b1 for first 
carrier set in low-band, 

Second pair of downconverters 470c1 and 470d1 for first 
carrier set in mid-band, 

Third pair of downconverters 470e1 and 470/1 for first 
carrier set in high-band, 

Fourth pair of downconverters 470a2 and 470b2 for second 
carrier set in low-band, 

Fifth pair of downconverters 470c2 and 470d2 for second 
carrier set in mid-band, and 

Sixth pair of downconverters 470e2 and 470f2 for second 
carrier set in high-band. 

Downconverters 470a1,470c1 and 470e1 are for primary 
antenna 310 for low-band, mid-band, and high-band, respec 
tively, and have their outputs coupled together and to the input 
of lowpass filter 472a1. Similarly, downconverters 470b 1. 
470d1 and 470f1 are for secondary antenna 312 for low-band, 
mid-band, and high-band, respectively, and have their outputs 
coupled together and to the input of lowpass filter 472b1. 
Lowpass filter 472a1 receives and filters a downconverted 
signal from downconverters 470a1,470c1 or 470e1 and pro 
vides an output baseband signal for the first carrier set for 
primary antenna.310. Similarly, lowpass filter 472b1 receives 
and filters a downconverted signal from downconverters 
470b 1, 470d1 or 470/1 and provides an output baseband 
signal for the first carrier set for secondary antenna 312. Each 
lowpass filter 472 may have a fixed bandwidth or a config 
urable bandwidth, which may be dependent on the band 
widths of the carriers in the first carrier set. Lowpass filter 
472a2 and 472b2 are coupled to downconverters 470a2 to 
470f2 in the same way that lowpass filter 472a1 and 472b1 are 
coupled to downconverters 470a1 to 470/1. Lowpass filter 
472a2 receives and filters a downconverted signal from 
downconverters 470a2,470c2 or 470e2 and provides an out 
put baseband signal for the second carrier set for primary 
antenna 310. Similarly, lowpass filter 472b2 receives and 
filters a downconverted signal from downconverters 470b2, 
470d2 or 470f2 and provides an output baseband signal for the 
second carrier set for secondary antenna 312. 
VCO 482a generates a first VCO signal at a first VCO 

frequency and is controlled by PLL 480a. LO generator 
484a1 generates LO signals at a first frequency for downcon 
verters 470a1 and 470b 1. LO generator 484b1 generates LO 
signals at a second frequency for downconverters 470c1 and 
470d1. LO generator 484c1 generates LO signals at a third 
frequency for downconverters 470e1 and 470/1. VCO 482b 
generates a second VCO signal at a second VCO frequency 
and is controlled by PLL 480b. LO generator 484a2 generates 
LO signals at a fourth frequency for downconverters 470a2 
and 470b2. LO generator 484b2 generates LO signals at a 
fifth frequency for downconverters 470c2 and 470d2. LO 
generator 484c2 generates LO signals at a sixth frequency for 
downconverters 470e2 and 470f2. 

FIG. 6 shows a schematic diagram of an exemplary design 
of a back-end module 372. In this exemplary design, back 
end module 372 includes MIMOLNAS440pa, 440pb,440pc, 
440.sa, 440.sb and 440.sc, switches 468, and all of the circuits 
in back-end module 370a in FIG. 4A. Integrating MIMO 
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LNAS 440 and downconverters 470 within the same back-end 
module 372 (e.g., the same IC die) may provide certain 
advantages Such as improved performance, higher level of 
integration, lower cost, etc. Back-end module 372 may be 
coupled to one or more front-end modules. In one exemplary 
design, back-end module 372 may be coupled to (i) a first 
front-end module including an antenna interface circuit and 
power amplifiers for a primary antenna and (ii) a second 
front-end module including an antenna interface circuit for a 
secondary antenna. In another exemplary design, back-end 
module 372 may be coupled to a single front-end module 
including antenna interface circuits for both primary and 
secondary antennas and power amplifiers. 

In the exemplary design shown in FIG. 6, back-end module 
372 may be symmetric about line XY. The circuits within 
back-end module 372 may be fabricated on an IC die. The IC 
die may be splitat lineXY. Each half of the IC die may include 
one half of the MIMO LNAS and one half of the downcon 
verters. Each half of the IC die can support operation via a 
single antenna without receive diversity. This symmetric lay 
out of back-end module 372 may provide certain advantages 
Such as savings in design effort and faster to time to market 
based on good upfront planning. 

FIGS. 3 to 5 show an exemplary design in which MIMO 
LNAs are implemented on front-end modules. FIG. 6 shows 
an exemplary design in which MIMOLNAs are implemented 
on a back-end module. This exemplary design may result in 
more RF routing between the front-end modules and the 
back-end module depending on the number of inputs and the 
number of outputs of each MIMO LNA. Within the back-end 
module, the outputs of the MIMO LNAs may be coupled to 
downconverters as shown in FIG. 4A, 4B, 5 or 6 to obtain the 
advantages described below. 

FIG. 7 shows a schematic diagram of an exemplary design 
of an Nx2 MIMO LNA 440x based on a split cascode archi 
tecture. MIMO LNA 440x may be used for each of MIMO 
LNA 440 in FIGS. 4A to 6. MIMOLNA 440x includes Ngain 
circuits 742a to 742n coupled to NLNA inputs, 2N cascode 
transistors 744a to 744n and 746a to 746n, and two load 
circuits 748a and 748b coupled to two LNA outputs. Gain 
circuit 742a includes an N-channel metal oxide semiconduc 
tor (NMOS) transistor 754a having its gate receiving a first 
input RF signal (RFin1) via one LNA input and its source 
coupled to one end of a source degeneration inductor 752a. 
The other end of inductor 752a is coupled to circuit ground. 
Two cascode transistors 744a and 746a are coupled between 
gain circuit 742a and load circuits 748a and 748b. Cascode 
transistors 744a and 746a have their sources coupled to the 
drain of gain transistor 754a, their gates receiving control 
signals Vctrl11 and Vctrl12, respectively, and their drains 
coupled to load circuits 748a and 748b, respectively. Gain 
circuits 742b to 742n and cascode transistors 744b to 744n 
and 746b to 746.n are coupled in similar manner as gain 
transistor 742a and cascode transistors 744a and 746a. 

In the exemplary design shown in FIG. 7, load circuit 748a 
includes a transformer 762a comprising (i) a primary coil 
764a coupled between the drains of cascode transistors 744a 
to 744n and a power supply, VDD, and (ii) a secondary coil 
766a providing a differential first amplified RF signal 
(RFamp1). Load circuit 748b includes a transformer 762b 
having (i) a primary coil 764b coupled between the drains of 
cascode transistors 746a to 746.n and the VDD supply and (ii) 
a secondary coil 766b providing a differential second ampli 
fied RF signal (RFamp2). 

Load circuits 748 may also be implemented in other man 
ners. In another exemplary design, a load circuit may include 
an inductor and possibly a capacitor coupled between the 
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VDD supply and the drains of the cascode transistors. The 
cascode transistors may provide the amplified RF signal at 
their drains. In yet another exemplary design, a load circuit 
may include a P-channel metal oxide semiconductor (PMOS) 
transistor having its source coupled to the VDD supply and its 
drain coupled to the drains of the cascode transistors. The 
PMOS transistor may provide an active load for one or more 
cascode transistors. 
MIMO LNA 440x may support a single-output mode, an 

intra-band CA mode, an inter-band CA mode for the same 
band group, and an inter-band CA mode for different band 
groups. In the single-output mode and the inter-band CA 
mode for different band groups, a single input RF signal may 
be received via one of the NLNA inputs and applied to a 
single gain circuit 742. This gain circuit 742 is coupled to a 
single load circuit 748 via a single cascode transistor 744 or 
746. A single amplified RF signal for one set of carriers is 
provided by the single load circuit 748 to one LNA output. 
MIMOLNA 440x can support the single-output mode and the 
inter-band CA mode with an input RF signal applied to any 
one of the N gain circuits 742. 

In the intra-band CA mode, a single input RF signal may be 
received via one of the NLNA inputs and applied to a single 
gain circuit 742. This gain circuit 742 is coupled to both load 
circuits 748a and 748b via two cascode transistors 744 and 
746 coupled to the gain circuit. Two amplified RF signals for 
two sets of carriers are provided by the two load circuits 748a 
and 748b to the two LNA outputs. MIMO LNA 440x can 
allow an input RF signal to be applied to any gain circuit 742 
and routed to any load circuit 748. 

In the inter-band CA mode for the same band group, two 
input RF signals for two bands are received via two of the N 
LNA inputs and applied to two gain circuits 742. One gain 
circuit 742 is coupled to one load circuit 748 via one cascode 
transistor 744. The other gain circuit 742 is coupled to the 
otherload circuit 748 via another cascode transistor 746. Two 
amplified RF signals for two sets of carriers are provided by 
two load circuits 748a and 748b to the two LNA outputs. 

FIG. 8 shows a schematic diagram of an exemplary design 
ofan Nx2 MIMOLNA 440y based on a split gm architecture. 
MIMO LNA 440y may be used for each of MIMO LNA 440 
in FIGS. 4A to 6. MIMO LNA 440y includes Ngain circuits 
842a to 842n coupled to NLNA inputs, 2N cascode transis 
tors 844a to 844n and 846a to 846n, and two load circuits 
848a and 848b coupled to two LNA outputs. Gain circuit 
842a includes two NMOS transistors 854a and 856a having 
their gates receiving a first input RF signal (RFin1) via one 
LNA input and their sources coupled to one end of a source 
degeneration inductor 852a. The other end of inductor 852a is 
coupled to circuit ground. Two cascode transistors 844a and 
846a are coupled between gain circuit 842a and load circuits 
848a and 848b, respectively. Cascode transistors 844a and 
846a have their sources coupled to the drains of gain transis 
tors 854a and 856a, respectively, their gates receiving control 
signals Vctrl11 and Vctrl12, respectively, and their drains 
coupled to load circuits 848a and 848b, respectively. Gain 
circuits 842b to 842n and cascode transistors 844b to 844n 
and 846b to 846n are coupled in similar manner as gain 
transistor 842a and cascode transistors 844a and 846a. 
MIMO LNA 440y may support the single-output mode, the 
intra-band CA mode, the inter-band CA mode for the same 
band group, and the inter-band CA mode for different band 
groups, as described above for MIMO LNA 440x in FIG. 7. 

FIGS. 7 and 8 show two exemplary designs of a MIMO 
LNA. A MIMO LNA may also be implemented in other 
manners. For example, a gain circuit within a MIMO LNA 
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may include a gain transistor having its source coupled 
directly to circuit ground instead of to a source degeneration 
inductor. 

FIG. 9 shows an exemplary design of a pair of downcon 
verters 470a and 470b and lowpass filters 472a and 472b, 
which may be used for any pair of downconverters 470 and 
associated lowpass filters 472 in FIGS. 4A to 6. 

Downconverter 470a includes a pair of mixers 972a and 
974a that performs quadrature downconversion for an ampli 
fied RF signal (RFampp) from a MIMO LNA for primary 
antenna 310. Mixer 972a receives the RFampp signal and an 
inphase LO signal (ILOa) from LO generator 484, downcon 
verts the RFampp signal with the ILOa signal, and provides 
an inphase (I) downconverted signal. Mixer 974a receives the 
RFampp signal and a quadrature LO signal (QLOa), down 
converts the RF ampp signal with the QLOa signal, and pro 
vides a quadrature (Q) downconverted signal. Lowpass filters 
472a includes a first lowpass filter 982a for the I path and a 
second lowpass filter 984a for the Q path. Filters 982a and 
984a receive and filter the I and Q downconverted signals 
from mixers 972a and 974a, respectively, and provide I and Q 
baseband output signals for one set of carriers for primary 
antenna 310. 

Downconverter 470b includes a pair of mixers 972b and 
974b that performs quadrature downconversion for an ampli 
fied RF signal (RFamps) from a MIMO LNA for secondary 
antenna 312. Mixers 972b and 974b receive and downconvert 
the RFamps signal with inphase and quadrature LO signals 
(ILOb and QLOb) respectively, from LO generator 484, and 
provide I and Q downconverted signals, respectively. Low 
pass filters 982b and 984b within lowpass filter 472b receive 
and filter the I and Q downconverted signals from mixers 
972b and 974b, respectively, and provide I and Q baseband 
output signals for one set of carriers for secondary antenna 
312. 

FIG. 9 also shows an exemplary design of LO generator 
484, which includes a frequency divider 990 and buffers 
992a, 992b, 994a and 994b. Divider 990 receives a VCO 
signal from a VCO 482, divides the VCO signal in frequency 
by an integer or non-integer ratio, and provides I and Q LO 
signals at a target frequency for one set of carriers being 
received. The ILO signal is offset from the QLO signal by 
90° at the target frequency. The ILO signal is buffered by 
buffers 992a and 992b to generate ILOa and ILOb signals for 
mixers 972a and 972b, respectively, within downconverters 
472a and 472b. The QLO signal is buffered by buffers 994a 
and 994b to generate QLOa and QLOb signals for mixers 
974a and 974b, respectively, within downconverters 472a 
and 472b. 
The carrier aggregation receiver architecture disclosed 

herein may provide various advantages. First, the receiver 
architecture may support all CA schemes shown in FIGS. 2A 
to 2D with receive diversity. The receiver architecture may 
use a relatively small number of RF interconnections between 
front-end modules 320 and 322 and back-end module 370. 
This may result in a smaller die area forback-end module 370, 
a smaller package area for front-end modules 320 and 322, 
and reduced routing area on a PCB that includes front-end 
modules 320 and 322 and back-end module 370. Second, 
each MIMOLNA may include any number of gain circuits for 
any number of bands without increasing the number of output 
pins on front-end modules 320 and 322. This may be espe 
cially desirable for wireless devices supporting multiple 
bands simultaneously. 

Third, power consumption of LO generators may be 
reduced by (i) placing each pair of downconverters 470 and its 
associated LO generator 484 close together and (ii) running 
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short signal traces from the LO generators to the downcon 
verters. Fourth, a back-end module may include identical 
circuits for the two sets of carriers, e.g., as shown in FIGS. 4A 
and 6. An IC die of the back-end module may be physically 
split into two, and each half may be used for a wireless device 
to Support operation on one set of carriers (i.e., no carrier 
aggregation) via two antennas. This may beachieved without 
having to redesign a wireless device not supporting carrier 
aggregation. Fifth, MIMO LNAS 440 within front-end mod 
ule 320 may be similar or identical to MIMO LNAS 440 
within front-end module 322. As a result, for operation on a 
single set of carriers, the output ports of MIMO LNAS 440 
may provide amplified RF signals for primary antenna 310 
and secondary antenna 312 (instead of amplified RF signals 
for two sets of carriers). Hence, MIMO LNAS 440 may be 
reused to Support receive diversity with two antennas instead 
of carrier aggregation on two sets of carriers. 

In an exemplary design, an apparatus (e.g., a wireless 
device, an IC, a circuit module, etc.) may include a plurality 
of LNAS, a plurality of Switches, and at least one downcon 
verter. The plurality of LNAs (e.g., LNAS 440 in FIG. 4A) 
may receive and amplify at least one input RF signal and 
provide at least one amplified RF signal. The plurality of 
switches (e.g., switches 468) may be coupled to the outputs of 
the plurality of LNAs. The at least one downconverter (e.g., 
downconverters 470) may be coupled to the plurality of 
switches and may downconvert the at least one amplified RF 
signal and provide at least one downconverted signal. The 
switches may reduce the number of downconverters needed 
to Support reception of transmissions on multiple sets of 
carriers via multiple receive antennas, e.g., shown by com 
paring FIG. 4A to FIG. 6. 

In an exemplary design, the plurality of LNAS may com 
prise (i) a first set of LNAs (e.g., LNAS 440pa, 440pb and 
440pc) for a first antenna (e.g., primary antenna 310) and (ii) 
a second set of LNAs (e.g., LNAS 440.sa, 440.sband 440.sc) for 
a second antenna (e.g., secondary antenna 312). The first set 
of LNAs may include at least two LNAs for at least two band 
groups, e.g., three LNAS 440pa, 440pb and 440pc for three 
band groups of low-band, mid-band, and high-band. The 
second set of LNAs may include at least two additional LNAs 
for the at least two band groups, e.g., e.g., three LNAS 440.sa. 
440.sb and 440sc for the three band groups of low-band, 
mid-band, and high-band. 

In an exemplary design, each of the plurality of LNAS may 
comprise M outputs and may provide up to Mamplified RF 
signals from up to M outputs, where M may be any integer 
greater than one. For example, each LNA may comprise two 
outputs and may provide up to two amplified RF signals from 
up to two outputs for up to two sets of carriers. Each LNA may 
comprise a plurality of gain circuits and a plurality of cascode 
transistors. In one exemplary design, each gain circuit may 
comprise again transistor (e.g., gain transistor 754 in FIG. 7) 
coupled between an input and an output of the gain circuit. 
The plurality of cascode transistors (e.g., cascode transistors 
744 and 746 in FIG. 7) may be coupled between the plurality 
of gain circuits and a plurality of load circuits for the LNA. In 
another exemplary design, each gain circuit may comprise 
first and second gain transistors (e.g., transistors 854 and 856 
in FIG. 8) coupled between an input and first and second 
outputs of the gain circuit. The plurality of cascode transistors 
(e.g., cascode transistors 844 and 846 in FIG. 8) may be 
coupled between the first and second outputs of the plurality 
of gain circuits and the plurality of load circuits for the LNA. 

In one exemplary design, the at least one downconverter 
may include first and second downconverters. The first down 
converter (e.g., downconverter 470a1 in FIG. 4A) may be 
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coupled to the first set of LNAs via a first subset of the 
plurality of switches. The second downconverter (e.g., down 
converter 470b 1 in FIG. 4A) may be coupled to the second set 
of LNAs via a second subset of the plurality of Switches. The 
first downconverter may perform downconversion for a first 
amplified RF signal for the first antenna. The second down 
converter may perform downconversion for a second ampli 
fied RF signal for the second antenna. 

In another exemplary design, the at least one downcon 
verter may include first to fourth downconverters. The plural 
ity of LNAS may each comprise first and second outputs. The 
first downconverter (e.g., downconverter 470a1 in FIG. 4A) 
may be coupled to the first outputs of the first set of LNAs via 
a first subset of the plurality of switches (e.g., switches 468a1, 
468b1 and 468c1 in FIG. 4A). The second downconverter 
(e.g., downconverter 470b1) may be coupled to the first out 
puts of the second set of LNAs via a second subset of the 
plurality of switches (e.g., switches 468d1, 468e1 and 468/1 
in FIG. 4A). The third downconverter (e.g., downconverter 
470a2) may be coupled to the second outputs of the first set of 
LNAs via a third subset of the plurality of switches (e.g., 
switches 468a2, 468b2 and 468c2 in FIG. 4A). The fourth 
downconverter (e.g., downconverter 470b2) may be coupled 
to the second outputs of the second set of LNAs via a fourth 
subset of the plurality of switches (e.g., switches 468d2. 
468e2 and 468f2 in FIG. 4A). The first downconverter may 
perform downconversion for a first amplified RF signal for 
the first antenna for a first set of carriers. The second down 
converter may perform downconversion for a second ampli 
fied RF signal for the second antenna for the first set of 
carriers. The third downconverter may perform downconver 
sion for a third amplified RF signal for the first antenna for a 
second set of carriers. The fourth downconverter may per 
form downconversion for a fourth amplified RF signal for the 
second antenna for the second set of carriers. 

In an exemplary design, the wireless device may further 
include first and second LO generators. The first LO genera 
tor (e.g., LO generator 484a in FIG. 4A) may be coupled to 
the first and second downconverters and may provide LO 
signals at a first frequency to the first and second downcon 
verters. The second LO generator (e.g., LO generator 484b) 
may be coupled to the third and fourth downconverters and 
may provide LO signals at a second frequency to the third and 
fourth downconverters. 

In an exemplary design, the first and second downconvert 
ers may be located close to each other (e.g., located within a 
predetermined distance of each other) in order to reduce 
signal routing from the first LO generator to the first and 
second downconverters. The predetermined distance may be 
quantified by one or more times the length or width dimension 
of a layout of one downconverter on an IC die. The first and 
second downconverters may be located closer to the first set 
of LNAs than the second set of LNAs (or vice versa). Simi 
larly, the third and fourth downconverters may be located 
close to each other (e.g., located within the predetermined 
distance of each other) in order to reduce signal routing from 
the second LO generator to the third and fourth downconvert 
CS. 

In one exemplary design, the wireless device may further 
include at least one Switch operating as a port expander. Each 
Such Switch may be implemented with a cascode transistor 
(e.g., cascode transistor 460a in FIG. 4B) and may be coupled 
between two of the plurality of LNAs. 

The wireless device may comprise at least one front-end 
module and a back-end module. In an exemplary design, the 
at least one front-end module (e.g., front-end modules 320 
and 322 in FIG. 3) may comprise the plurality of LNAs. The 
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back-end module (e.g., back-end module 370) may comprise 
the at least one downconverter. The back-end module may 
further comprise the plurality of switches. The switches may 
be implemented on the front-end module(s) instead of the 
back-end module. In another exemplary design, the plurality 
of LNAs, the plurality of switches, and the at least one down 
converter may be implemented on the back-end module, e.g., 
as shown in FIG. 6. 

FIG. 10 shows an exemplary design of a process 1000 for 
receiving transmissions in a wireless system. Process 1000 
may be performed by a wireless device or by some other 
entity. At least one input RF signal may be amplified with at 
least one of a plurality of LNAS to obtain at least one ampli 
fied RF signal (block 1012). The at least one amplified RF 
signal may be routed via at least one of a plurality of switches 
coupled to the outputs of the plurality of LNAs (block 1014). 
The at least one amplified RF signal may be downconverted 
with at least one downconverter coupled to the plurality of 
switches (block 1016). 

In one exemplary design, the plurality of LNAS may com 
prise a first set of LNAs (e.g., LNAS 440pa, 440pb and 440pc 
in FIG. 4A) for a first antenna and a second set of LNAs (e.g., 
LNAS 440.sa, 440.sb and 440sc in FIG. 4A) for a second 
antenna. Each LNA may comprise a first output for a first set 
of carriers and a second output for a second set of carriers. The 
at least one amplified RF signal may comprise a first ampli 
fied RF signal for the first antenna for the first set of carriers, 
a second amplified RF signal for the second antenna for the 
first set of carriers, a third amplified RF signal for the first 
antenna for the second set of carriers, and a fourth amplified 
RF signal for the secondantenna for the second set of carriers. 

For block 1016, the first amplified RF signal may be down 
converted with a first downconverter (e.g., downconverter 
470a1 in FIG. 4A) to obtain a first downconverted signal for 
the first antenna for the first set of carriers. The second ampli 
fied RF signal may be downconverted with a second down 
converter (e.g., downconverter 470b1 in FIG. 4A) to obtain a 
second downconverted signal for the second antenna for the 
first set of carriers. The third amplified RF signal may be 
downconverted with a third downconverter (e.g., downcon 
verter 470a2 in FIG. 4A) to obtain a third downconverted 
signal for the first antenna for the second set of carriers. The 
fourth amplified RF signal may be downconverted with a 
fourth downconverter (e.g., downconverter 470b2 in FIG. 
4A) to obtain a fourth downconverted signal for the second 
antenna for the second set of carriers. 
The LNAs, Switches, downconverters, front-end modules, 

and back-end modules described herein may be implemented 
on one or more ICs, analog ICs, RFICs, mixed-signal ICs, 
PCBs, an electronic device, etc. The LNAs, switches, down 
converters, front-end modules, and back-end modules may 
also be fabricated with various IC process technologies such 
as complementary metal oxide semiconductor (CMOS), 
NMOS, PMOS, bipolar junction transistor (BJT), bipolar 
CMOS (BiCMOS), silicon germanium (SiGe), gallium ars 
enide (GaAs), heterojunction bipolar transistors (HBTs), 
high electron mobility transistors (HEMTs), silicon-on-insu 
lator (SOI), etc. 
An apparatus implementing the LNAS, Switches, down 

converters, front-end modules, and/or back-end modules 
described herein may be a stand-alone device or may be part 
of a larger device. A device may be (i) a stand-alone IC, (ii) a 
set of one or more ICs that may include memory ICs for 
storing data and/or instructions, (iii) an RFIC such as an RF 
receiver (RFR) or an RF transmitter/receiver (RTR), (iv) an 
ASIC such as a mobile station modem (MSM), (v) a module 
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that may be embedded within other devices, (vi) a receiver, 4. The apparatus of claim 2, the at least one downconverter 
cellular phone, wireless device, handset, or mobile unit, (vii) pair comprising: 
etc. a first downconverter coupled to the first set of LNAs via a 

In one or more exemplary designs, the functions described first subset of the plurality of Switches, and 
may be implemented in hardware, software, firmware, or any 5 a second downconverter coupled to the second set of LNAs 
combination thereof. If implemented in software, the func- via a second subset of the plurality of switches. 

5. The apparatus of claim 2, each of the plurality of LNAs 
comprising first and second outputs, and the at least one 
downconverter pair comprising: 

10 a first downconverter coupled to first outputs of the first set 
of LNAs via a first subset of the plurality of switches, 

a second downconverter coupled to first outputs of the 
second set of LNAs via a second subset of the plurality 

tions may be stored on or transmitted over as one or more 
instructions or code on a computer-readable medium. Com 
puter-readable media includes both computer storage media 
and communication media including any medium that facili 
tates transfer of a computer program from one place to 
another. A storage media may be any available media that can 
be accessed by a computer. By way of example, and not of switches, 
limitation, Such computer-readable media PS 15 a third downconverter coupled to second outputs of the first 
RAM, ROM, EEPROM, CD-ROM or other optical disk stor- set of LNAs via a third subset of the plurality of 
age, magnetic disk storage or other magnetic storage devices, Switches, and 
or any other medium that can be used to carry or store desired a fourth downconverter coupled to second outputs of the 
program code in the form of instructions or data structures second set of LNAs via a fourth subset of the plurality of 
and that can be accessed by a computer. Also, any connection 20 Switches. 
is properly termed a computer-readable medium. For 6. The apparatus of claim 5, further comprising: 
example, if the software is transmitted from a website, server, a first local oscillator (LO) generator coupled to the first 
or other remote source using a coaxial cable, fiber optic cable, and second downconverters; and 
twisted pair, digital subscriber line (DSL), or wireless tech- a second LO generator coupled to the third and fourth 
nologies such as infrared, radio, and microwave, then the 2s downconverters. 
coaxial cable, fiber optic cable, twisted pair, DSL, or wireless 7. The apparatus of claim 1, wherein each downconverter 
technologies such as infrared, radio, and microwave are of the at least one downconverter pair having a signal routing 
included in the definition of medium. Disk and disc, as used distance to the common LO generator that is shorter than a 
herein, includes compact disc (CD), laser disc, optical disc, signal routing distance to the plurality of LNAS. 
digital versatile disc (DVD), floppy disk and blu-ray disc 30 8. The apparatus of claim 6, the first downconverter being 
where disks usually reproduce data magnetically, while discs located within a predetermined distance of the second down 
reproduce data optically With lasers. Combinations of the converter to reduce signal routing from the first LO generator 
above should also be included within the scope of computer- to the first and second downconverters. 
readable media. 9. The apparatus of claim 1, further comprising: 
The previous description of the disclosure is provided to 35 at least one switch, each switchcoupled between two of the 

enable any person skilled in the art to make or use the disclo- plurality of LNAs. 
sure. Various modifications to the disclosure will be readily 10. The apparatus of claim 1, each of the plurality of LNAs 
apparent to those skilled in the art, and the generic principles comprising M outputs and configured to provide up to M 
defined herein may be applied to other variations without amplified RF signals from up to M outputs, where M is an 
departing from the scope of the disclosure. Thus, the disclo- 40 integer greater than one. 
Sure is not intended to be limited to the examples and designs 11. The apparatus of claim 1, each LNA of the plurality of 
described herein but is to be accorded the widest scope con- LNAS comprising: 
sistent with the principles and novel features disclosed herein. a plurality of gain circuits, each gain circuit comprising a 

gain transistor coupled between an input and an output 
What is claimed is: 45 of the gain circuit, and 
1. An apparatus comprising: a plurality of cascode transistors coupled between the plu 
a plurality of low noise amplifiers (LNAs) configured to rality of gain circuits and a plurality of load circuits for 

receive and amplify at least one input radio frequency the LNA. 
(RF) signal and provide at least one amplified RF signal; 12. The apparatus of claim 1, each LNA of the plurality of 

a plurality of switches coupled to outputs of the plurality of 50 LNAs comprising: 
LNAs; and a plurality of gain circuits, each gain circuit comprising 

at least one downconverter pair directly connected to a first and second gain transistors coupled between an 
common local oscillator (LO) generator and to the plu- input and first and second outputs of the gain circuit, and 
rality of switches and each downconverter of the at least a plurality of cascode transistors coupled between the first 
one downconverter pair configured to concurrently 55 and second outputs of the plurality of gain circuits and a 
downconvert with a common LO signal the at least one plurality of load circuits for the LNA. 
amplified RF signal and provide at least one downcon- 13. The apparatus of claim 1, further comprising: 
Verted signal, the at least one downconverter pair con- at least one front-end module comprising the plurality of 
figured for coupling to a plurality of antennas. LNAs; and 

2. The apparatus of claim 1, the plurality of LNAS com- 60 a back-end module comprising the at least one downcon 
prising: verter pair. 

a first set of LNAs for a first antenna, and 14. The apparatus of claim 13, the back-end module further 
a second set of LNAS for a second antenna. comprising the plurality of Switches. 
3. The apparatus of claim 2, the first set of LNAs including 15. The apparatus of claim 1, further comprising: 

at least two LNAS for at least two band groups, and the second 65 a back-end module comprising the plurality of LNAS, the 
set of LNAs including at least two additional LNAs for the at plurality of switches, and the at least one downconverter 
least two band groups. pair. 
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16. The apparatus of claim 15, the plurality of LNAs com 
prising a first set of LNAs and a second set of LNAs, the at 
least one downconverter pair comprising a first set of down 
converters and a second set of downconverters, the first set of 
LNAS and the first set of downconverters being implemented 
on a first half of the back-end module, and the second set of 
LNAS and the second set of downconverters being imple 
mented on a second half of the back-end module. 

17. A method comprising: 
amplifying at least one input radio frequency (RF) signal 

with at least one of a plurality of low noise amplifiers 
(LNAs) to obtain at least one amplified RF signal; 

routing the at least one amplified RF signal via at least one 
of a plurality of switches coupled to outputs of the plu 
rality of LNAs; and 

downconverting the at least one amplified RF signal with at 
least one downconverter pair directly connected to a 
common local oscillator (LO) generator and to the plu 
rality of switches and each downconverter of the at least 
one downconverter pair configured to concurrently 
downconvert with a common LO signal the at least one 
amplified RF signal, the at least one downconverter pair 
configured for coupling to a plurality of antennas. 

18. The method of claim 17, the plurality of LNAs com 
prising a first set of LNAs for a first antenna and a second set 
of LNAs for a secondantenna, each LNA comprising first and 
Second outputs, the at least one amplified RF signal compris 
ing first to fourth amplified RF signals, and the downconvert 
ing comprising 

downconverting the first amplified RF signal with a first 
downconverter, coupled to first outputs of the first set of 
LNAs via a first subset of the plurality of switches, to 
obtain a first downconverted signal for the first antenna 
for a first set of carriers, 

downconverting the second amplified RF signal with a 
second downconverter, coupled to first outputs of the 
second set of LNAs via a second subset of the plurality 
of switches, to obtain a second downconverted signal for 
the second antenna for the first set of carriers, 

downconverting the third amplified RF signal with a third 
downconverter, coupled to second outputs of the first set 
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of LNAs via a third subset of the plurality of switches, to 
obtain a third downconverted signal for the first antenna 
for a second set of carriers, and 

downconverting a fourth amplified RF signal with a fourth 
downconverter, coupled to second outputs of the second 
set of LNAs via a fourth subset of the plurality of 
switches, to obtain a fourth downconverted signal for the 
second antenna for the second set of carriers. 

19. An apparatus comprising: 
means for amplifying comprising a plurality of inputs and 

a plurality of outputs and configured to receive at least 
one input radio frequency (RF) signal via at least one of 
the plurality of inputs, amplify the at least one input RF 
signal, and provide at least one amplified RF signal via at 
least one of the plurality of outputs; 

means for routing coupled to the means for amplifying and 
configured to receive and route the at least one amplified 
RF signal; and 

a pair of means for downconverting directly connected to a 
common local oscillator (LO) generator and to the 
means for routing and each means of the pair of means 
configured to concurrently downconvert with a common 
LO signal the at least one amplified RF signal, the means 
for downconverting configured for coupling to a plural 
ity of antennas. 

20. The apparatus of claim 19, the at least one amplified RF 
signal comprising first to fourth amplified RF signals, and the 
means for downconverting comprising 
means for downconverting the first amplified RF signal to 

obtain a first downconverted signal for a first antenna for 
a first set of carriers, 

means for downconverting the second amplified RF signal 
to obtain a second downconverted signal for a second 
antenna for the first set of carriers, 

means for downconverting the third amplified RF signal to 
obtain a third downconverted signal for the first antenna 
for a second set of carriers, and 

means for downconverting a fourth amplified RF signal to 
obtain a fourth downconverted signal for the second 
antenna for the second set of carriers. 


