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CHANNEL QUALITY INDICATION WITH FILTERED INTERFERENCE

Cross-References to Related Applications

[0001] This disclosure claims the benefit of U.S. Provisional Patent Application No.
61/847,963, entitled “Advanced Receiver design for CSI feedback,” filed on July 18,

2013, which 1s incorporated herein by reference in its entirety.

Field of the Disclosure

[0002] The present disclosure relates generally to wireless communications, and more

particularly, to obtaining characteristics of a wireless communication channel.

Background

[0003] Wireless communication systems often utilize characteristics of wireless
communication channels between communication devices, for example for resource
allocation, communication parameters selection and the like, to be used for
communication with the corresponding communication devices. Such channel
characteristics, in some systems, are obtained by a receiving communication device and
an indication of the channel characteristics, such as channel state information, is then
transmitted to a transmitting communication device. The transmitting communication
device may use the channel characteristics to select communication parameters for
transmissions to the receiving device. The channel characteristics, however, can vary
greatly with time and frequency, and the channel characteristics indication may not be an
accurate reflection of the communication channel at the time the indication is received by

the transmitting device.

[0004] In cellular communication systems, channel characteristics indications may be
particularly inaccurate due to relatively high levels of variance of interference in the
communication channel from interfering communication device that are operating in

neighboring cells.
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Summary

[0005] In an embodiment, a method includes obtaining, at a first communication
device, a plurality of interference measurements corresponding to interference
experienced by the first communication device. The method also includes applying a
filter to the plurality of interference measurements to obtain a filtered interference
measurement, wherein the filtered interference measurement is a function of a current
interference measurement and one or more past interference measurements. The method
additionally includes determining, based at least in part on the filtered interference
measurement, a channel quality indicator (CQI) corresponding to a communication
channel between the first communication device and a second communication device.
The method further includes transmitting the CQI from the first communication device to

the second communication device.

[0006] In another embodiment, a first communication device comprises a network
interface device configured to obtain a plurality of interference measurements
corresponding to interference experienced by the first communication device. The
network interface 1s further configured to apply a filter to the plurality of interference
measurements to obtain a filtered interference measurement, wherein the filtered
interference measurement is a function of a current interference measurement and one or
more past interference measurements. The network interface is further still configured to
determine, based at least in part on the filtered interference measurement a channel
quality indicator (CQI) associated with a communication channel between the first
communication device and a second communication device. The network interface is
further yet configured to transmit the CQI from the first communication device to the

second communication device.
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Brief Description of the Drawings

[0007] Fig. 1is a block diagram of an example system in which a client station
computes a channel quality indicator (CQI) based at least in part on a filtered

measurement of interference, according to an embodiment.

[0008] Fig. 2 is a block diagram of another example system in which a client station
computes a channel quality indicator (CQI) based at least in part on a filtered

measurement of interference, according to an embodiment.

[0009] Fig. 3 is a flow diagram of an example method for determining a channel quality
indicator (CQI) based at least in part on a filtered measurement of interference, according

to an embodiment.

Detailed Description

[0010] In embodiments described below, a first wireless communication device such as
an evolved node base device (eNB) of a communication network transmits to and
receives from a second wireless communication device, such as a user equipment device
(UE). eNB and UE correspond to terminology used in the 3™ Generation Partnership
Project Long Term Evolution (3GPP LTE) Standard. The apparatus and methods
discussed herein, however, are not limited to 3GPP LTE networks. Rather, the apparatus
and methods discussed herein may be utilized in other types of wireless communication
networks as well. For instance, another example system that may utilize embodiments of
apparatus and methods described herein is a technology promulgated by the Worldwide
Interoperability for Microwave Access (WiMAX) Forum (such systems conform to the
Institute for Electrical and Electronics Engineers (IEEE) 802.16e Standard). In WiMAX,
a base station (BS) corresponds to the eNB of 3GPP LTE, and a mobile station (MS)
corresponds to the UE. In other embodiments, other types of systems may utilize
apparatus and methods described herein such as communication systems that conform to
one or more of the IEEE 802.16 Standards, wireless local area network (WLAN) systems

such as systems that conform to one or more of IEEE 802.11 Standards, etc. For ease of

-3-
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explanation, however, the description below refers to base stations (e.g., eNBs) and client

stations (e.g., UEs).

[0011] Fig. 1 is a block diagram of an example wireless communication network 10,
according to an embodiment. The network 10 includes a plurality of cells 12, each of the
cells 12 served by a base stations 14. For example, a base station 14-1 serves a cell 12-1;
a base station 14-2 serves a cell 12-2; and a base station 14-3 a cell 12-3. The network 10
also includes one or more client stations 25, each client station 25 operating in a
particular cell 12 and communicating with the base station 14 that serves the particular
cell via a communication channel between the client station 24 and the base station 14.
For example, a client station 25-1 operates in the cell 12-1 and communicates with the
base station 14-1 via a communication channel 50, a client station 25-2 operates in the
cell 12-2 and communicates with the base station 14-2 via a communication channel 54,
and a client station 25-3 operates in the cell 12-3 and communicates with the base station

14-3 via a communication channel 54, in the illustrated embodiment and scenario.

[0012] Although three cells 12 and three base stations 14 are illustrated in Fig. 1 for
clarity, typically systems can include many more cells 12 and base stations 14. Although
in the embodiment and scenario illustrated in Fig. 1 one client station 25 is operating in
each of the cells 12, a cell 12 can generally include other suitable numbers (e.g., 0, 2, 3,

4,5,6,7, etc.) of client stations 25, in other embodiments and/or scenarios.

[0013] In an embodiment, a base station 14 communicates with a client station 25 using
communication parameters determined based on characteristics of the communication
channel between the base station 14 and the client station 25. In an embodiment, a client
station 25 measures the communication channel between the base station 14 and the
client station 25 and reports, in some form, information characterizing the
communication channel to the base station 14. The base station 14 utilizes the
information received from the client station 25 to determined communication parameters

for communicating with the client station 25, for example to schedule sub-frames, within
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a frame, during which to communicate with the client station 25, to select appropriate
modulation and/or coding parameters for transmitting data to the client station 25, etc., in

an embodiment.

[0014] In an embodiment, to allow a base station 14 (e.g., the base station 14-1) to
determine appropriate parameters for use in communicating with a client station 25 (e.g.,
the client station 25-1), the client station 25-1 determines channel state information (CSI)
corresponding to the communication channel 50 between the base station 14-1 and the
client station 25-1. In an embodiment, the CSI includes an indicator of channel quality,
such as a channel quality indicator (CQI). The CQI is based on (i) channel response of
the communication channel 50 and (i1) interference, such as interference from interfering
channel(s) (illustrated in Fig. 1 by dashed arrows), seen at the client station 25-1, in an
embodiment. In an embodiment, the CQI is a function of (1) an estimate of a channel
response characterizing channel response of the communication channel 50 and (ii)
measured interference plus noise seen at the client station 25-1. The client station 25-1
obtains a CQI at time t, and transmits the CQI to the base station 14-1, in an embodiment.
The base station 14-1 receives the CQI at time t+At, where At corresponds to the travel
time in the communication channel 50. The base station 14-1 utilizes the CQI received
from the client station 25-1 to schedule communications with the client station 25-1, to
determine communication parameters for communicating with the client station 25-1, to
perform link adaptation (e.g., to adjust communication parameters) for the

communication link to the client station 25-1, etc., in an embodiment.

[0015] In at least some embodiments, interference seen at the client station 25-1 from
communication devices operating in the cells 12-2, 12-3 can vary significantly at
different times and/or and different frequencies within the operating bandwidth of the
client station 25-1. In some embodiments, the system 10 utilizes orthogonal frequency
division multiplexing (OFDM). In some embodiments, communications between the

base stations 14-2,14-3 and respective client stations 25-2, 25-3 served by the base
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stations 14-2, 14-3 are scheduled for one or more particular resource elements. Such
scheduling results in variance of interference, seen at the client station 25-1, caused by
communications between interfering base station 14 and client stations 25, in at least
some embodiments. In other words, due to scheduling of communication for interfering
devices, the client station 25-1 may experience different levels of interference in different
one of the resource elements, in some embodiments and/or scenarios. Further, in at least
some embodiments, the system 10 utilizes multiple-input multiple-output (MIMO)
communications with one or more of the client stations 25. In some such embodiments,
one or more of the base stations 14 and/or one or more of the client stations 25 apply pre-
coding vectors or matrices to signals to be transmitted from the base stations 14 and/or
client stations 25 to shape the transmissions so as to maximize transmit power in certain
directions. An interfering device (e.g., an interfering base station 14) may utilize
different pre-coding vectors for different resource elements, which may result in time
and/or frequency variance of interference at the client station 25-1 caused by the

interfering device, in an embodiment.

[0016] Due at least in part to such variations in interference seen at the client station 25-
1, when CQI associated with the communication channel 50 at time t is received by the
base station 14-1 at time t+At, the received CQI no longer reflects channel quality of the
communication channel 50, at least with respect to interference experienced by the
station 25-1, in at least some embodiments. Thus, the base station 14-1 may determine,
based on the received CQI, sub-optimal communication parameters for communicating
with the client station 25-1, in such embodiments. For example, if the received CQI
corresponds to high level of interference at the client station 25-1, the base station 14-1
may select a modulation and coding scheme (MCS) with relatively low modulation depth
(e.g., binary phase-shift keying (BPSK) or quadrature phase-shift keying (QPSK)
modulation) and/or relatively low coding rate, which modulation and coding scheme may
result in relatively low throughput on the communication channel 50. However, when

the base station 14-1 transmits data to the client station 25-1 using the selected
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modulation and coding scheme, interference at the client station 25-1 may be
significantly lower than interference indicated by the CQI that the base station 14-1
received from the client station 25-1, in an embodiment. The loss in throughput in the
communication channel 50 may not be necessary, in this situation. As another example,
an MCS that results in a relatively high throughput may be selected if a received CQI
corresponds to a relatively low level of interference at the client station 25-1, and the
selected MCS may lead to high error rate and/or high packet loss if interference is
significantly higher at the time that data is being transmitted to the client station 25-1, in

an embodiment.

[0017] In some embodiments described below, the client station 25-1 obtains an
averaged or a filtered measure of interference experienced by the client station 25-1, and
generates CQI based on the filtered measure of interference. The filtered measure of
interference results in a more reliable “long term” representation of CQI, in at least some
embodiments and/or scenarios. In some embodiments, the client station 25-1 obtains the
filtered measure of interference by applying a recursive filter to a current interference
measurement and one or more past interference measurements. As will be explained in
more detail below, to further improve long-term reliability of CQI, in some such
embodiments, the client station 25-1 adapts the recursive filter based on one or more
factors that may affect reliability of interference measurements at the client station 25-1.
For example, in an embodiment, if the client station 25-1 determines that interference
measurements are expected to be relatively stable over time, then the client station 25-1
adapts the filter to increase contribution of the current interference measurement and to
decrease contribution of past interference measurement(s), in an embodiment.
Conversely, if the client station 25-1 determines that interference measurements are
expected to be varying with time, the client station 25-1 adapts the filter to decrease
contribution of the current interference measurement and to increase contribution of past

interference measurement(s), in an embodiment.
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[0018] In an embodiment, the system 10 operates in accordance with the 3GPP Long-
Term Evolution Advanced (LTE-A) specifications. In other embodiments, however, the
system 10 operates in accordance with any other suitable communication standard or
protocol. For example, the disclosed techniques can also be applied in Wi-Fi systems
operating in accordance with one or more of the IEEE 802.11 specifications or in

WiMAX systems operating in accordance with the IEEE 802.16m specifications.

[0019] Fig. 2 is another block diagram of the example wireless communication network
10, according to an embodiment. The base station 14-1 includes a host processor 15
coupled to a network interface 16. The network interface 16 includes a medium access
control (MAC) processing unit 18 and a physical layer (PHY) processing unit 20. The
PHY processing unit 20 includes a plurality of transceivers 21, and the transceivers 21
are coupled to a plurality of antennas 24. Although three transceivers 21 and three
antennas 24 are illustrated in Fig. 2, the base station 14-1 can include different suitable
numbers (e.g., 2, 4, 5, etc.) of transceivers 21 and antennas 24 in other embodiments. In
some embodiments, multiple transceivers 21 are coupled to the same antenna and antenna
selection is utilized. Thus, in some embodiments, the number of antennas 24 is not the
same as the number of transceivers 21. Additionally, in some embodiments, the base
station 14-1 1s configured to utilize antenna diversity, antenna beamforming, and/or a

multiple input, multiple output (MIMO) technique such as spatial multiplexing.

[0020] In various embodiments, one or both of the base stations 14-2 and 14-3 have a

structure the same as or similar to the base station 14-1.

[0021] The client station UE 25-1 includes a host processor 26 coupled to a network
interface 27. The network interface 27 includes a MAC processing unit 28 and a PHY
processing unit 29. The PHY processing unit 29 includes a plurality of transceivers 30,
and the transceivers 30 are coupled to a plurality of antennas 34. Although three
transceivers 30 and three antennas 34 are illustrated in Fig. 2, the client station 25-1 can

include different numbers (e.g., 2, 4, 5, etc.) of transceivers 30 and antennas 34 in other
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embodiments. In some embodiments, multiple transceivers 30 are coupled to the same
antenna and antenna selection is utilized. Thus, in some embodiments, the number of
antennas 34 1s not the same as the number of transceivers 30. Additionally, in some
embodiments, the client station 25-1 is configured to utilize antenna diversity, antenna
beamforming, and/or a multiple input, multiple output (MIMO) technique such as spatial

multiplexing.

[0022] In various embodiments, one or both of the client stations 25-2 and 25-3 have a

structure the same as or similar to the client station 25-1.

[0023] In some embodiments, the network interface 27 of the client station 25-1 is
configured to compute a filtered interference measure corresponding to interference at the
client station 25-1, and to generate CQI based on the filtered interference measure. The
network interface 27 of the client station 25-1 is configured to then cause the CQI to be
transmitted to the base station 14-1. The base station 14-1 is configured to receive the
CQI and to determine communication parameters for communicating with the client
station 25-1 based on the CQI. Because the CQI is generated based on filtered
interference, the CQI provides a more accurate and reliable long term channel quality
indication as compared to a CQI generated based on instantaneous interference

measurements, in at least some embodiments and scenarios.

[0024] In an embodiment, the network interface 27 of the client station 25-1 includes a
filtered interference computation module 108 configured to compute filtered interference
measure. For example, the filtered interference computation module 108 uses a recursive
filter to compute the filtered interference measure based on a current, or latest,
measurement of interference and one or more past measurements of interference obtained

at the client station 25-1.

[0025] In an embodiment, the filtered interference computation module 108 is included
in the PHY processing device 29. In an embodiment, the filtered interference

computation module 108 is included in the MAC processing device 28. In an

-9.-
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embodiment, the filtered interference computation module 108 is not included in either

the PHY processing device 29 or the MAC processing device 28.

[0026] In an embodiment, CQI generated by the network interface 27 includes a
channel estimate component and a filtered interference measure component. In an
embodiment, CQI generated by the network interface 27 can mathematically be written

as
CQI(t,k)=f (H (t,k),N(t, k)) Equation 1

In Equation 1, H(z,k) is a channel estimate corresponding to the communication channel
50, N(,k) is filtered interference measure obtained at the client station 25-1, ¢ is an index
corresponding to time, and & is an index corresponding to frequency. In an embodiment,
the network interface 27 is configured to obtain the filtered interference measure N(z,k)
by applying time and frequency filtering to a set of interference measurements. In
mathematical terms, in an embodiment, N(z,k) is expressed as

]V(t,k) =g(N(t,k—Fk),Nt-Lk—-k), Nt —1,k—k), -,

N(tak)aN(t_lak)a"'aN(t_Tak)a"'a
NGtk +k ) NGE—LEk+k ), NGt =7,k + k)

Equation 2

where k, and £, define a frequency averaging interval, and = defines a time averaging
interval, and g () is a particular filtering function being utilized.
[0027] In an embodiment, the network interface 27 is configured to use a recursive

filtering function to obtain the filtered interference measure. An example recursive

filtering function, used in an example embodiment, can be written as
Nt +1,k) = a(t, k)N, k) + Q- a(t, )NE+1,k) Equation 3

In an embodiment, N(z+1,k) in Equation 3 is defined as

-10 -



WO 2015/010082 PCT/US2014/047288

kr
N(t+1Lk)= D g N(t+Lk+s)

s=—k;

Equation 4

In Equations 3 and 4, a(z,k) is a frequency and time dependent recursive filter
coefficient, N(z,k) is a frequency domain filtered interference measure over a frequency
range defined by (k —k,,k+k ), and ¢, 1s a frequency domain filter coefficient at the
frequency k+s. In an embodiment, particular values of %,,k,,and ¢, are selected based on

correlations of interference level, in frequency domain, at the client station 25-1.

[0028] In an embodiment, the network interface 27 is configured to use time domain
filtering, and to ignore frequency domain filtering, when obtaining the filtered

interference measure. In this embodiment, Equation 4 can be written as

N(t+1,k)= N(t+1,k) Equation 5

[0029] In an embodiment, the network interface 27 is configured to adapt the
coefficient a(z,k)based on one or more factors (e.g., channel statistics of interfering
channel(s)) that may affect interference experienced by the client station 25-1. In an
embodiment, the network interface 27 utilizes interfering channel characteristics to
determine an interfering channel scenario indicative of reliability of interference
measurements at the client station 25-1, and adapts the coefficient a(z,k) in accordance
with the interfering channel scenario. The interfering channel scenario is based on any
combination of one or more of (1) Doppler spread associated with interfering channel(s),
(11) signal to noise plus interference (SINR) measured at the client station 25-1, (ii1)
spatial correlation associated with interfering channel(s), and (iv) level and/or degree of

variance of interference at the client station 25-1.

[0030] For example, in an embodiment, the network interface 27 is configured to

increase the value of the recursive filter coefficient «(z,k) when interference

measurements are generally expected to have relatively low reliability, as indicated by

-11 -
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relatively high Doppler spread associated with interfering channel(s)and/or relatively
high spatial correlation associated with interfering channel(s) and/or relatively low level
of interference compared to signal level at the client station 25-1. Conversely, in an
embodiment, the network interface 27 is configured to decrease the value of the recursive
filter coefficient a(z, k) when interference measurements are generally expected to have
relatively high reliability, as indicated by relatively low Doppler spread associated with
interfering channel(s)and/or relatively low spatial correlation in associated with
interfering communication channel(s) and/or relatively high level of interference
compared to signal level at the client station 25-1. As another example, the network
interface 27 is configured to leave the value of the recursive filter coefficient «(z,k)
unchanged (e.g., stop adjusting the value) when the network interface 27 detects that
interference at the client station 25-1 is very low or nonexistent, or that interference is

static, in an embodiment.

[0031] The network interface 27 is configured to adapt the recursive filter coefficient
a(t,k) by adjusting the recursive filter coefficient «(z, k) in the direction of an optimal
value of the «(z,k) for the particular interfering channel scenario, or by setting the
recursive filter coefficient a(z, k) an optimal value of the «(z, k) for the particular

interfering channel scenario, as will be explained in more detail below, in various

embodiments and./or scenarios. Optimal values of the recursive filter coefficient a(z, k)
are empirically determined and stored in a memory in the network interface 27, for
example, in an embodiment.

[0032] In mathematical terms, in an embodiment, the recursive filter coefficient a(z, k)

can be written as a function h of the current interference measurements N(z,k) , past

interference measurements N(z —1, k), channel spatial correlation /

sc 2

Doppler spread f,

and received signal to noise and interference ratio SINR(z,k) , as shown in Equation 6.

a(t,k) = h(N(t - 1,k),N(t,k),h., f,, SINR(t, k) Equation 6

12 -
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[0033] In an embodiment, the network interface 27 is configured to adapt the recursive
filter coefficient « as a function of time, with the various factors discussed above varying

over time. In this embodiment, the recursive filter coefficient «(¢) can be written as a

function h of the current interference measurements N(z) , past interference measurements

N(z—1), channel spatial correlation /

sc ?

Doppler spread f, and received signal to noise

and interference ratio SINR(z) as shown in Equation 7.

(Z(f) = h(ﬁ(t - 1), N(t)’hsc’fd ’ SINR(t)) Equation 7

In this case, the interference measurements N(¢) and N(¢) are wideband interference

measurements over the whole channel bandwidth, or a certain portion of the channel

bandwidth, in various embodiments.

[0034] Generally speaking, relatively larger values of the coefficient & adjust the
recursive filter in the direction of relying more on the past interference measurements and
relatively smaller values of the coefficient o adjust the recursive filter in the direction of

relying more on the current, or the latest, interference measurement.

[0035] Depending on the embodiment, the channel factors or characteristics needed for
adapting the recursive filter coefficient « are obtained by the client station 25-1 directly,
based on measurements performed by the client station 25-1 and/or are obtained by the
client station 25-1 via information, such as assistance information, received by the client
station 25-1 from another communication device, such as the base station 14-1 or a
higher level network controller device (not shown in Fig. 1). In some embodiments, for
example, the client station 25-1 (e.g., the network interface 27 of the client station 25-1)
derives at least some of the channel characteristic needed for adapting the recursive filter
coefficiente from interference measurements performed by the client station 25-1. For
example, Doppler spread and/or spatial correlation associated with interfering

communication channel(s) is obtained from the filtered interference measure N(z, k), in

some embodiments. In another embodiment, the network interface 27 1s configured to

- 13-
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obtain a covariance matrix of noise plus interference at the client station 25-1 and to use
the covariance matrix to determine expected reliability of interference measurements at
the client station 25-1. As an example, in an embodiment in which the client station 25-1
includes two antennas 34, the network interface 27 obtains a 2x2 interference plus noise

covariance matrix given as

Ay, (¢,k) Py (¢, k)}

Nk = |:n2,1 (t,k) Ny, (¢,k)

Equation 8

[0036] The network interface 27 then computes a ratio of off-diagonal elements of the
covariance matrix to diagonal elements of the covariance matrix, in an embodiment. For
example, in the 2x2 covariance matrix case discussed above, in an embodiment, the
network interface 27 is configured to compute a magnitude of a ratio of an off-diagonal

element to the diagonal elements of the matrix according to

A T YN RS YIRS Equation 9

The network interface 27 is also configured to compute a phase of a ratio of an off-

diagonal element to the diagonal elements of the matrix according to

1, (,k) = angleln, , (,6) s (6 KOs, (66 Equation 10

[0037] In an embodiment, the network interface 27 is then configured to compute,
using the phase ratios computed, for example, according to the Equation 10, a delta phase

AZr (t,k) as a difference between two consecutively computed phase ratios according to

| 2r (6, k)= Zr, (¢ - Lk -7 < Zr(t,k)-2r(t-Lk)<x
ALy (k) =27 —(Lr,(t,k)— Lr (t—1,k)) Zr(t,k)—Zr (t-1k)>x
27+ (Lr (t,k)— Zr,(t—1,k))  Lr (t,k)— Zr,(t-1,k)< -7

Equation 11

[0038] In an embodiment, the network interface 27 1s configured to assume highly
spatially correlated interfering communication channel scenario if one or both of (i) the

computed £, (¢,k)1s below a threshold 0 and (i1) the computed AZr, (¢,k)1s below a

- 14 -
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threshold O4q1,. In an embodiment, the threshold 6 and/or the threshold 044, are
predetermined thresholds. In an embodiment, if the network interface 27 determines high
spatially correlation in interfering channel scenario, then the network interface 27 adapts
the recursive filter coefficient « by adjusting the coefficient & in the direction of an
optimal coefficient « for a highly spatially correlated interfering channel scenario, in an

embodiment.

[0039] In some embodiments, the network interface 27, in addition or instead of
computing a magnitude and/or phase of the ratios of the off-diagonal elements of to the
diagonal elements of the covariance matrix, is configured to compute filtered magnitude
and/or phase of these ratios based on interference plus noise covariance matrices

corresponding to multiple times, according to Equations 12 and 13 below, respectively.

(LB = B

F(6R)|+(1-5)

it k)| Equation 12

Lr, (t+Lk) =y 25, (t,k) + (1= y) Zr, (8, k) Equation 13

Constants g and y in Equations 12 and 13, respectively, have predetermined values, in
an embodiment. Filtered magnitude and/or phase covariance characteristics improve
robustness of CQI recursive filter adaptation, in at least some embodiments and/or
scenarios. The network interface 27 is configured to then compute a phase delta

ALF (t,k) according Equation 13, but using two consecutively computed filtered phase

ratios /7, (¢,k)rather than two consecutively computed unfiltered phase ratios £, (¢,k), in

an embodiment. The network interface 27 1s configured to detect highly spatially

correlated interfering channel scenario when one or both of (i) the computed £7 (¢,k)1s
below a threshold 6 and (i1) the computed £7 (¢,k)1s below a threshold 641., an

embodiment. In an embodiment, the threshold 6 and/or the threshold 64, are
predetermined thresholds. In an embodiment, if the network interface 27 detects a highly
correlated interfering channel scenario, then the network interface 27 adapts the recursive

filter coefficient « by adjusting the coefficient « in the direction of an optimal
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coefficient « for a highly spatially correlated communication channel scenario, in an

embodiment.

[0040] In an embodiment, upon detecting a particular interfering channel scenario, the
network interface 27 adapts the recursive filter coefficient & by adjusting the coetficient
« 1n the direction of an optimal coefficient « for the detected interfering channel
scenario. Adjustment of the coefficient can be discrete (e.g., step-wise) or continuous,
depending on the embodiment. As an example, in an embodiment, a discrete adjustment

1s performed according to

step’amax (rn ’hsc’fd ’SINR)) a(t’k) < a)opt (rn ’hsc’fd ’SINR)
max(a(t,k) - &y, @y (1 b f1, SINR)) - alt,6) > @,), (5, . £, SINR)

rnin(a(t, +a

a0+Lb:{

Equation 14

where ,,(r,,h,, f,,SINR) is an optimal value of the coefficient « for a particular

S

interfering channel scenario. In an embodiment, the recursive filter coefficient is initially

set to a suitable value, such as & =0.5, for example, or another suitable value. The value

of a1s then adjusted, using a suitable (e.g., predetermined) value,, , based on the

step ?

detected interfering channel scenario, in an embodiment. In an example embodiment, if

|Vn (t, k)| < o,, where o, is a threshold value, indicating that interference at the client

station 25-1 1s small or non-existent, then the network interface 27 increases the value of
the recursive filter coefficient « until an optimal value of the coefficient « for low
interference channel scenario is reached, in an embodiment. Similarly, if high Doppler
spread is detected, then the network interface 27 increases the value of the recursive filter
coefficient o until an optimal value of the coefficient « for high Doppler spread channel
scenario is reached, in an embodiment. As another example, in an embodiment, if

SINR(t,k) is above a threshold value y,, then the network interface 27 increases the value

of the recursive filter coefficient « until an optimal value of the coefficient « for low

interference relative to signal power scenario. As yet another example, in an
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embodiment, if relatively high level interference is detected , then the network interface
obtains a measure of spatial correlation associated with the interfering communication
channel(s), and adapts the recursive filter coefficient « according to the measure of
spatial correlation until an optimal value of the coefficient « for the corresponding spatial

correlation scenario (e.g., low spatial correlation of high spatial correlation) is reached.

[0041] In another embodiment, a continuous function is utilized to adapt the recursive
filter coefficient & based on the particular detected interfering channel scenario. For
example, in such embodiment, the network interface 27 is configured to adapt the

recursive filter coefficient « according to

a(t+1,k) = max(min(a (s, k) + f(t,k), 2, ) a.. )

Equation 15

where f(z,k)1s a suitable function of one or more factors that correspond to interference

seen at the client station 25-1. For example, the network interface 27 is configured to

determine the £(z,k)based on one or more of (1) interference measurements at the client

station 25-1, (i1) SINR measured at the client station 25-1, and (ii1) Doppler spread of

interfering channel(s). Mathematically, in an example embodiment, the function £(z,k)

in Equation 15 can be written as

f(t’k) = frn (t’k) +ffd (t’k) + fS]NR(t’k) Equation 16
where f, (t,k), f,, (¢,k),and fg,, (¢ k)are functions of measured or computed interference,
Doppler spread and SINR, respectively.
[0042] In various embodiments, the functions f, (#,k), f, (t.k),and fg,(z,k)in

Equation 16 are given by

£ (60 = A=) & - P (e k), - p 2000 Equation 17

Fona (6,5 = s(SINR(, k) = 7) - &, - plS™ 47l Equation 18
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1, R =s(f, ~@,)- &, pi ™ Equation 19

where

d(t,k) = s(r, ¢, k)| - &, )- sign(6, - ALr, (2,k))

Equation 20
s(x) = (1+sign(x))/2 Equation 21
p;>1>g (i=1234) Equation 22

In the equations 17-22 above, ¢, (i=1, 2, 3, 4) are suitable constants less than 1. In an

embodiment, a further constraint on the constants &, (i=1, 2, 3, 4) is thate, <¢,,,.

[0043] As discussed above, in some embodiments, the client station 25-1 is configured
to receive information, such as assistance information, from the base station 14-1 and/or
from a higher layer network device, and to adapt the recursive filter coefficient a based
on the received assistance information. For example, the assistance information includes
one or more of (i) an indication of Doppler spread, (i1) an indication of spatial correlation,
and (ii1) an indication of an expected level and/or a degree of variance of interference.
The network interface 27 is configured to receive the assistance information and to obtain
(e.g., retrieve from a memory) an optimal value of the recursive filter coefficient « based
on channel characteristics indicated by the assistance information. The network interface
27 1s configured to then set the recursive filter coefficient « to the obtained optimal value

of the coefficient«r, in an embodiment.

[0044] In addition to, or instead of, obtaining interfering channel characteristics, in
some embodiments, the network interface 27 is configured to obtain an error rate
associated with transmissions on the communication channel 50, and to adapt the
recursive filter coefficient « based on obtained error rate. For example, in an
embodiment, the network interface 27 obtains a block error rate (BLER), and adapts the

recursive filter coefficient « based on the obtained BLER. In an embodiment the
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network interface 27 obtains the BLER by measuring or determining a ratio of the
number of blocks transmitted to the client station 25-1 that were received by the client
station 25-1 with an error (e.g., failed a cyclic redundancy check) to the total number of
blocks received by the client station 25-1 in a certain period of time. In an embodiment,
the network interface 27 measures or determines the BLER based on first transmissions
from the base station 14-1 to the client station 25-1, i.e., the network interface 27
excludes re-transmissions, that typically follow failed transmissions (e.g., when a
transmission was received with an error or errors), when measuring or determining the
BLER. In other embodiments, the network interface 27 does not exclude retransmissions
when measuring or determining BLER. In any event, in an embodiment, a BLER that is
relatively high indicates to the network interface 27 that the CQI being generated by the
network interface 27 is not sufficiently accurate, in an embodiment. In this case, the
network interface 27 decreases the value of the recursive filter coefficient & to increase
the contribution from past interference measurements and decrease contribution from the
current interference measurement, in an embodiment. Conversely, a BLER that is
relatively low indicates to the network interface 27 that the CQI being generated by the
network interface 27 is sufficiently accurate, in an embedment. In this case, the network
interface 27 leaves the value the recursive filter coefficient & unchanged or,
alternatively, increases the recursive filter coefficient « to decrease the contribution from
past interference measurements and increase contribution from the current interference

measurement, in an embodiment.

[0045] In an embodiment, the network interface 27 is configured to determine a
difference between the obtained BLER and a target BLER, and to compare the ditference
between the obtained BLER and the target BLER to a threshold value X. The network
interface 27 1s configured to then adapt the recursive filter coefticient o based on the
comparison of the difference between the obtained BLER and the target BLER to the
threshold value X. For example, in an embodiment, the network interface 27 1s

configured to adapt the recursive filter coefficient according to
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min(a(t,k) + @, @, ) BLER()—BLER,, > X

target

a(t +1,k) = {max(a(t,k) - a,,,a,, ) BLER(t)-BLER,,, <-X

target Equation 23
a(t,k) |BLER(t)- BLER, |<X

target

where X corresponds to a predetermined threshold. In this embodiment, the network
interface 27 increases the value of the recursive filter coefficient & when the difference
between the obtained BLER and the target BLER i1s greater than X, decreases the value of
the recursive filter coefficient & when the difference between the obtained BLER and the
target BLER is less than negative X, and leaves the recursive filter coefficient
unchanged when the difference between the obtained BLER and the target BLER is less
than X.

[0046] In another embodiment, the network interface 27 is configured to utilize a
continuous function to adapt the recursive filter coefticient & based on the obtained
BLER. For example, in an embodiment, the network interface 27 is configured to adapt

the recursive filter coetficient according to
a(t + 1) = maX(mln(a(t) + f(t)’ & ax )’ A in ) Equatlon 24

where

| BLER(t)-BLER,

f(t)=sign(BLER-BLER, ., )-&-(1+9) wse Equation 25

where O is a constant greater than 0 and ¢1s a constant less than 1, in an embodiment.

[0047] Fig. 3 is a flow diagram of an example method 300 for determining a CQI based
at least in part on a filtered interference measurement, according to an embodiment. The
method 300 1s implemented at least partially by the network interface 27 of the client
station 25-1, in an embodiment. In other embodiments, the method 300 is implemented

by another suitable communication device.

[0048] At block 304, a plurality of interference measurements are obtained at a client

station.
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[0049] At block 308, a filter is applied to the plurality of interference measurements to
obtain a filtered interference measurement. In an embodiment, the filter interference
measurement is a function of a current interference measurement and one or more past
interference measurements. In an embodiment a recursive filter having a recursive filter
coefficient is applied at block 308. For example, a recursive filter corresponding to
Equation 6 1s applied at block 308, in an embodiment. In another embodiment, a
recursive filter corresponding to Equation 7 is applied at block 308. In other

embodiments, other suitable filters are applied at block 308.

[0050] At block 310, a channel quality indicator is determined based at least in part on
the filtered interference measurement obtained at block 308. At block 312, the CQI is
transmitted to the base station. The base station receives the CQI and utilizes the CQI to
determine communication parameters for communicating with the client station, for

example, in an embodiment.

[0051] In some embodiments, the method 300 further includes adapting filter
coefticients used for filtering the interference measurements at block 308. For example,
the method 300 includes adapting a recursive filter coefficient « based on a determined
interfering channel scenario indicative of reliability of interference measurements and/or

based on obtained error rate, as discussed above, in various embodiments.

[0052] Additionally, further aspects of the present invention relates to one or more of

the following clauses.

[0053] In an embodiment, a method includes obtaining, at a first communication
device, a plurality of interference measurements corresponding to interference
experienced by the first communication device. The method also includes applying a
filter to the plurality of interference measurements to obtain a filtered interference
measurement, wherein the filtered interference measurement is a function of a current
interference measurement and one or more past interference measurements. The method

additionally includes determining, based at least in part on the filtered interference
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measurement, a channel quality indicator (CQI) corresponding to a communication
channel between the first communication device and a second communication device.
The method further includes transmitting the CQI from the first communication device to

the second communication device.

[0054] In other embodiments, the method includes any suitable combination of one or

more of the following features.

[0055] Applying the filter to the plurality of interference measurements to obtain a
filtered interference measurement comprises applying a recursive filter having an

associated recursive filter coefficient.

[0056] The method further includes determining an interfering channel scenario related
to reliability of interference measurements at the first communication device, and

adapting the recursive filter coefficient based on the interfering channel scenario.

[0057] Determining the interfering channel scenario is based on one or more factors
including one or more of (i) interfering channel Doppler spread , (i1) signal to noise plus
interference ratio (SINR) at the first communication device, (iii1) interfering channel
spatial correlation, (iv) level of interference relative to desired signal at the first
communication device, and (v) degree of variance of interference at the first

communication device.

[0058] Adapting the recursive filter coefficient based on the interfering channel
scenario comprises one of (1) increasing a value of the recursive filter coefticient or (i1)
decreasing the value of the recursive filter coefficient to adjust the value of the recursive
filter coefficient towards an optimal value corresponding to the interfering channel

scenario.

[0059] Adapting the recursive filter coetficient comprises incrementing or

decrementing the recursive filter coefficient by a value of a step size.
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[0060] Adapting the recursive filter coetficient comprises updating the recursive filter

coefficient based on a continuous function of the one or more factors.

[0061] Determining the interfering channel scenario includes performing channel

measurements at the first communication device.

[0062] Determining the interfering channel scenario includes receiving assistance

information from a higher level control device.

[0063] The method further comprises determining a block error rate (BLER)
corresponding to transmissions on the communication channel, and adapting the

recursive filter coefficient based on the BLER.

[0064] In another embodiment, a first communication device comprises a network
interface device configured to obtain a plurality of interference measurements
corresponding to interference experienced by the first communication device. The
network interface 1s further configured to apply a filter to the plurality of interference
measurements to obtain a filtered interference measurement, wherein the filtered
interference measurement is a function of a current interference measurement and one or
more past interference measurements. The network interface is further still configured to
determine, based at least in part on the filtered interference measurement a channel
quality indicator (CQI) associated with a communication channel between the first
communication device and a second communication device. The network interface is
further yet configured to transmit the CQI from the first communication device to the

second communication device.

[0065] In other embodiments, the first communication device includes any suitable

combination of one or more of the following features.

[0066] The network interface is configured to apply, to the plurality of interference

measurements, a recursive filter having an associated recursive filter coefficient.
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[0067] The network interface is further configured to determine an interfering channel
scenarios related to reliability of interference measurements at the first communication

device, and adapt the recursive filter coefficient based on the interfering channel scenario.

[0068] The network interface is configured to determine the interfering channel
scenario based on one or more factors including one or more of (i) interfering channel
Doppler spread, (ii) signal to noise plus interference ratio (SINR) at the first
communication device, (ii1) interfering channel spatial correlation, (iv) level of
interference relative to desired signal at the first communication device, and (v) degree of

variance of interference at the first communication device.

[0069] The network interface is configured to (i) increase a value of the recursive filter
coefficient or (i1) decrease the value of the recursive filter coefficient to adjust the value
of the recursive filter coefficient towards an optimal value corresponding to the

interfering channel scenario.

[0070] The network interface is configured to (i) increment or (i1) decrement the

recursive filter coefficient by a value of a step size.

[0071] The network interface is configured to adapt the recursive filter coefficient by
updating the recursive filter coefficient based on a continuous function of the one or more

factors.

[0072] The network interface is configured to determine the interfering channel
scenario at least by performing interfering channel measurements at the first

communication device.

[0073] The network interface is configured to receive assistance information from a
higher level control device, and determine the interfering channel scenario based on the

received assistance information.
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[0074] The network interface is further configured to determine a block error rate
(BLER) corresponding to transmissions on the communication channel, and adapt the

recursive filter coefficient based on the BLER.

[0075] At least some of the various blocks, operations, and techniques described above
may be implemented utilizing hardware, a processor executing firmware instructions, a
processor executing software instructions, or any combination thereof. When
implemented utilizing a processor executing software or firmware instructions, the
software or firmware instructions may be stored in any tangible, non-transitory computer
readable memory such as a magnetic disk, an optical disk, a random access memory, a
read only memory, a flash memory, etc. The software or firmware instructions may
include machine readable instructions that, when executed by the processor, cause the

processor to perform various acts.

[0076] When implemented in hardware, the hardware may comprise one or more of
discrete components, an integrated circuit, an application-specific integrated circuit

(ASIC), a programmable logic device, etc.

[0077] While various embodiments have been described with reference to specific
examples, which are intended to be illustrative only and not to be limiting, changes,
additions and/or deletions may be made to the disclosed embodiments without departing

from the scope of the claims.
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What is claimed is:

1. A method, comprising:

obtaining, at a first communication device, a plurality of interference
measurements corresponding to interference experienced by the first communication
device;

applying a filter to the plurality of interference measurements to obtain a filtered
interference measurement, wherein the filtered interference measurement is a function of
a current interference measurement and one or more past interference measurements;

determining, based at least in part on the filtered interference measurement, a
channel quality indicator (CQI) corresponding to a communication channel between the
first communication device and a second communication device ; and

transmitting the CQI from the first communication device to the second

communication device.

2. The method of claim 1, wherein applying the filter to the plurality of
interference measurements to obtain a filtered interference measurement comprises

applying a recursive filter having an associated recursive filter coefficient.

3. The method of claim 2, further comprising:
determining an interfering channel scenario related to reliability of interference
measurements at the first communication device; and

adapting the recursive filter coefficient based on the interfering channel scenario.

4. The method of claim 3, wherein determining the interfering channel
scenario is based on one or more factors including one or more of (1) interfering channel
Doppler spread, (ii) signal to noise plus interference ratio (SINR) at the first

communication device, (ii1) interfering channel spatial correlation, (iv) level of
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interference relative to desired signal at the first communication device, and (v) degree of

variance of interference at the first communication device. .

S. The method of claim 3, wherein adapting the recursive filter coefficient
based on the interfering channel scenario comprises one of (i) increasing a value of the
recursive filter coefficient or (i1) decreasing the value of the recursive filter coefficient to
adjust the value of the recursive filter coefficient towards an optimal value corresponding

to the interfering channel scenario.

6. The method of claim 5, wherein adapting the recursive filter coefficient
comprises incrementing or decrementing the recursive filter coefficient by a value of a

step size.

7. The method of claim 5, wherein adapting the recursive filter coefficient
comprises updating the recursive filter coefficient based on a continuous function of the

one or more factors.

8. The method of claim 2, wherein determining the interfering channel

scenario includes performing channel measurements at the first communication device.

0. The method of claim 2, wherein determining the interfering channel

scenario includes receiving assistance information from a higher level control device.

10.  The method of claim 2, further comprising:
determining a block error rate (BLER) corresponding to transmissions on the
communication channel; and

adapting the recursive filter coefficient based on the BLER.
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11. A first communication device, comprising:
a network interface device configured to
obtain a plurality of interference measurements corresponding to
interference experienced by the first communication device;
apply a filter to the plurality of interference measurements to obtain a
filtered interference measurement, wherein the filtered interference measurement is a
function of a current interference measurement and one or more past interference
measurements;
determine, based at least in part on the filtered interference measurement a
channel quality indicator (CQI) associated with a communication channel between the
first communication device and a second communication device; and
transmit the CQI from the first communication device to the second

communication device.

12.  The first communication device of claim 11, wherein the network interface
1s configured to apply, to the plurality of interference measurements, a recursive filter

having an associated recursive filter coetficient.

13.  The first communication device of claim 12, wherein the network interface
1s further configured to:

determine an interfering channel scenarios related to reliability of interference
measurements at the first communication device; and

adapt the recursive filter coefficient based on the interfering channel scenario.

14.  The first communication device of claim 12, wherein the network interface
1s configured to determine the interfering channel scenario based on one or more factors
including one or more of (i) interfering channel Doppler spread , (i1) signal to noise plus

interference ratio (SINR) at the first communication device, (iii1) interfering channel
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spatial correlation, (iv) level of interference relative to desired signal at the first
communication device, and (v) degree of variance of interference at the first

communication device.

15.  The first communication device of claim 14, wherein the network interface
1s configured to (1) increase a value of the recursive filter coefficient or (i1) decrease the
value of the recursive filter coefficient to adjust the value of the recursive filter

coefticient towards an optimal value corresponding to the interfering channel scenario.

16.  The first communication device of claim 15, wherein the network interface
1s configured to (1) increment or (i1) decrement the recursive filter coefficient by a value

of a step size.

17.  The first communication device of claim 15, wherein the network interface
is configured to adapt the recursive filter coefficient by updating the recursive filter

coefficient based on a continuous function of the one or more factors.

18.  The first communication device of claim 12, wherein the network interface
1s configured to determine the interference channel scenario at least by performing

interfering channel measurements at the first communication device.

19.  The first communication device of claim 12, wherein the network interface
1s configured to:

receive assistance information from a higher level control device; and

determine the interfering channel scenario based on the received assistance

information.
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20.  The first communication device of claim 12, wherein the network interface
1s further configured to:

determine a block error rate (BLER) corresponding to transmissions on the
communication channel; and

adapt the recursive filter coetficient based on the BLER.
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