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Compressed Transport of Baseband Signals In
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Abstract—In current wireless base station solutions it is

network solutions. Three solution examples are the calémta

becoming common to physically separate baseband units and and distributed network-centric baseband processingcid],

radio subsystems. In many wireless technologies this ardieicture
requires allocation of significant transport network resources. In
this paper a low-latency baseband signal compression schem
is presented. The compression scheme significantly lowerset
transport data rate while maintaining low levels of signal
distortion, thus resulting in a lower-cost transport netwak.
Considering the importance of packet-based networks, a nuiver
of additional novel compression schemes are proposed. Theye
optimized for transport networks that implement a quality- of-
service (QoS) mechanism and/or multi-link transmission. e

ordinated multi-point transmission and reception (CoMA}-[
[5], and the distributed antenna system (DAS) [6]-[8]. Each
implementation is based on a transport network that cosnect
the RRHs to a multiplicity of collocated or distributed base
band processing resources.

As the industry standard, the Common Public Radio Inter-
face (CPRI) transport technology has been widely applied to
connect RRHs and BBUs [9]. It supports different network

compression schemes are parameterized such that a smoothgrchitectures, and transports uncompressed 1/Q sampies. |

trade-off between the required signal quality and compressn
performance can be achieved through operator choice of the
suitable parameter values. An attractive feature of thesechemes
is that they can be applied to different wireless technologis, with
appropriate parameter settings, without disrupting the present
architecture. The proposed solutions will lead to a cost-ééctive
implementation of collocated and distributed network-cerric
baseband processing, coordinated multi-point (CoMP) anaft
distributed antenna system (DAS) which are critical topicsfor the
entire wireless telecommunications industry and infrastucture.

Index Terms—Compression, transport network, RRH, distor-
tion, dithering, EVM, CoMP, DAS.

I. INTRODUCTION

OVEL wireless base station solutions, where basebal
units (BBUs) and radio subsystems are physically seplér-‘

rated, represent an important change in radio access ret
architecture. Specifically, the antennas, radio-frequédromt-

many wireless technologies (3G and 4G), such a transmission
requires allocation of significant transport network reseas.

For example, to transport a 10 MHz LTE waveform to a single
antenna, CPRI requires 460.8 MBPS (excluding protocol
overhead). Consequently, CPRI will require 1.843 GBPS per
four-antenna multiple-input multiple-output (MIMO) celle.,
sector.

In this study we propose baseband signal compression
schemes (i.e., I/Q compression) that lower the requiratstra
port data rates. In Section Il we describe a baseline saolutio
providing detailes on the trade-off between the compressio
rates, latency and signal quality. For example, in LTE, the s
|tion results in three times lower data rates than in the ohs
compressed I/Q transmission. The proposed solutiomis ge

| in nature and hence, can be applied to different wiseles
technologies, (e.g., LTE/LTE-Advanced and UMTS/HSPA),

end and analog-to-digital interface are a part of the remo Well as, on the uplink and downlink. Furthermore, the

radio heads (RRHs). The RRHSs are connected to the BpPIPPOsed solution maintains the overall signal qualitg,,i.
via digital transport network. Digitized baseband comple@’(rror vect_or magnitudeXV' M) an.d adjacent carnier Iegkage
inphase (1) and quadrature (Q) samples are transportedreerPOWer ratio @CLR) that are required by a particular wireless
transport links between the RRHs and BBUS. This architectffcnology, i.e., standard.
enables novel network deployments and implementation of The above solution applies a set of well-known signal
advanced transmission techniques. It offers a significant gProcessing techniques. It should be viewed as a baselitie tha
tential to cost-effectively increase data rates and impueser We use to propose two novel compression schemes. The novel
experience. The key technical and economic issue is that thfhemes are described in Section lll. They are optimized
architecture requires significant transport network resesi for packet-based transport networks that implement a tyuali
and the corresponding infrastructure investment. In thijsep Of-service (QoS) mechanism and/or multi-link transmissio
we address this particular problem, proposing a number [8#¢ to a broad adoption of those networks (e.g., Ethernet
solutions that provide effective usage of transport nekwor Of mesh wireless), enabling efficient I/Q transport oversého
The above architecture represents a key p|atform for irﬁEtWOka is considered particularly critical for the C(Spend-

plementing a number of the current and future radio accdB§ cost-effective implementation. Furthermore, the josgzl
schemes exploit multiplexing and diversity aspects ofdpamt

networks. To the best of our knowledge, this represents our
original contribution.

In addition, the proposed techniques are parameterizeéd suc
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Fig. 1. System consisting of a BBU, RRH and 1/Q compressicth @gcompression.

choice of suitable parameter values. Furthermore, the pro- Uplink: RRH ADC, or
cessing delay is limited (i.e., compression and decomjmess Downlink: digital /Qs from BBU
latency), compared to the uncompressed version. l @

The paper is organized as follows. In Section Il we present T S ——— ‘
the baseline algorithm details. The corresponding suiosect tedundancies bemp NS
will describe removal of redundancies in spectral domain, domain ls,,(l)
block scaling, and optimized quantization. The two novel ‘ Low-pass filtering ‘
schemes for transmission over multiple links with QoS are ls,(l)
proposed in Section Ill. Numerical and experimental result | I-time downsampling ‘
are presented in Section IV. We discuss benefits and applica- sald)

tions of the proposed solutions in Section V.

v

Block
oc ‘ Collect N, samples ‘

Il. ALGORITHM DETAILS scaling
Figure 1 depicts the basic functional blocks of a system l
that is the subject of this study. Namely, the system camsist Determine scaling
of an RRH and a BBU connected via a transport link. On factor S(k)
the uplink, the RRH radio-frequency front-end and analog- I
to-digital converter (ADC) convert the received analogioad ‘ Scaling ‘
signal into the digital I/Q sample form. Typically, the ADE i 5s(1)

a conventional high-resolution converter. After the agaio-
digital conversion, the proposed I/Q compression is agplie
and its output is transported to the BBU. The decompression nr (@), ng (i) ()
is applied at the BBU, followed by the receiver baseband M
processing (i.e., physical layer) of a particular wireléssh-
nology. ) .

Cc?gversely, on the downlink, the BBU transmitter genF—'g' 2. 1/Q compression black scheme.

erates a sequence of I/Q samples, which are compres;sneudm required according to the Nyquist sampling theorem. In

using the proposed scheme. The output of the COmPressigre icpa oc \well as cdma2000/EV-DO, 2-time and 4-time
is then transported to the RRH, where the decompression '

. . . _oversampling is customary. Similarly, in LTE the sampling
takes place. Following the decompressmn, the RRH digital rate exceeds the signal bandwidth. This results in redundan
analog converter (DAC) and radio-frequency front-end estiv .~ * . ) )

ies in the spectral, i.e., frequency domain. Namely, in the

the sequence of decompressed I/Q samples into the anald . ) .
radio signal that is being transmitted. Typically the DACais ungompressed form, a spectrally broader signal is trateinit

X . . than what is necessary. For example, in 10 MHz LTE, the
conventional high-resolution converter.

Note that the RRH radio-frequency front-end, ADC, DAéampllng rate is 15.36 MHz (both for the BBU. processing
) . : . nd in the case of CPRI uncompressed transmission), where
as well as BBU processing are identical to the ones ordmarﬁl

applied to a given wireless technology. Namely, there %oproxmately one-third of the spectrum carries no infor-

nothing in those subsystems that is specifically implenténtg]atlon relevant to the LTE transmission. Consequentlys thi

to accommodate the proposed I/Q compression and dec(ia[tlcular function is designed to remove those redun@snci
t

pression. The solution may be viewed as a ’black-box’ wi is implemented as a multi-rate filter. Starting from the
respect t.o other subsystems original sampling ratefs, this function downsamples the input

The functional block scheme on the proposed baseline Ifgnal to the lower sampling rat¢s,. The downsampling

compression is presented in Figure 2. It consists of basmtorF Is a rational number

O,-bit quantization

To transport link

functional blocks that are described in this section. F— fs L >1 1)
,fds K~ ’
A. Removal of Redundanciesin S)eCtl’a| Domain where and K are positive integerS.

Based on the current practice the sampling rate of theThe input signals(k) is sampled at the original sampling
ADC, DAC and BBU processing is higher than the minirate f,. After K-time upsampling, wherd{ — 1 zeros are
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inserted, the signal is Lowering the sample resolution would lead to correspond-
_ ingly lower transport data rates. In order to achieve thisijev
s(k) =Kk g . ) o :
su(l) = 0 14Kk (2) maintaining the ability to transport a signal with high dymia

range, our proposal applies a fast digital automatic gairtirob
wherek and! are integers denoting time samples. The upsaqrGC). It is implemented as a block scaling function. Block
pled signals, (1) is then low-pass filtered with the bandwidthscaling is also known as block floating-point where for a kloc
limited to [— fus/2, fas/2]. The filter's finite impulse responseof N, 1/Q samples, a scaling factor is determined such that
is the subsequent quantization error is minimized.

g(l) = w(l)M 3) After the block scaling, I/Q samples are quantized using a

/L quantizer with() ,-bit resolution per each complex component.

where w(l) is the window function. For example, we haveThe scaling factor is sent once per block, adding to the
implemented Hamming window that is defined as transport data rates. The scaling factor and quantized 1/Q
27(l + Ny /2) samples may be organized and transported as given in Figure

w(l) = 0.54 — 0.46 COS( N ) (4) 3, where Q, bits are used to represent the scaling factor.

) ) ) _ However, due to minimized quantization error, a lower sampl
where N,, represents the dimension of the window functionesolution is applied than in the uncompressed case, igult
i.e., the filter length. Note that any other window functioaym i gverall lowering of the transport data rates.

be applied, depending on the desired filter length and ingpuls |, each block of N, samples, a sample with the largest

response. The low-pass filter output is absolute value is determined as
Ny /2-1
_ . o .
st = > sull—i)g(i) g  AR=_ max o ARG SEEN @)
i=—Ny /2

where the integek denotes the block index. The correspond-
ing scaling factor is determined as

[ TA(k)]  for[A(k)] <29 -1
S(k) = { 29 — 1 for [A(k)] > 29 —1 ®)

sampled at the frequendy f,. After the filtering, everyL-th
sample is selected such that

sali) = s(Li). ©)

The signals,(i) is sampled at the frequendy,, thus com-

i ! The above scaling factor is an integer and it does not exceed
pleting the downsampling process.

c v, in this f ion there i hi lusi 2@s — 1. This is done so that the scaling factor is quantized
_on?eptu_a Iy Int 'Sh unlctlon(t) Trer'ls not mlg exc usmea(;lt to @ bits. This is required because the scaling factor is also
particular wireless technology. Only the sampling rafean transported and is only allocated, bits per one block of

fas,» and filter lengthV,, should be specified. In general, theSamples (as depicted in Figus®. Each sample in the block
above parameterd.( K, N,,) should be selected to optimizeis then scaled as

complexity-versus-performance tradeoff. For examplethe

10 MHz LTE case, we have implemented the above multi-rate
filter to lower the sampling rate from 15.36 MHz down to
10.24 MHz = 3, K = 2, N,, = 64) with no measurable for i = Nuk, -+, Ny(k +1) — 1.

signal distortion and low latency (2.08 usec). For example, in the 10 MHz LTE case, we have imple-

In order to efficiently implement filtering in (5), other fitte mented the block scaling that is performed on a 32-sample
structures may be used. For example, polyphase or cascaded

integrator-comb filters [10] should be considered, which ﬁ:gc'l;io?:lliesgltitr:e ti);ogklszléeﬁse:cis%thela{gnzci/ I'\;;S;rr?r?]sy
beyond the scope of this study. 9 ' » 19hs = 20 :

particular block size is selected to capture fast signaatians

) due to multiuser scheduling decisions and channel vanstio

B. Block Scaling In this example, N, = 32 samples corresponds to a fraction
In mobile communications, a typical radio signal has af the LTE symbol duration. A different block size may be

large dynamic range. For example, in the uplink with mudtiplselected for a particular implementation platform and lese

simultaneous users, due to different large- and smalkescééchnology.

propagation effects and mobility, the received signal powe

may experience significant variations. In 3G and 4G, the —

signal variations are further exasperated by the downlir(Fk Quantization

and uplink multiuser scheduling that dynamically actigate After the block scaling, I/Q samples are quantized using a

and/or terminates transmissions. Individual transmissimay quantizer withQ),-bit resolution per each complex component.

be short because the scheduling decisions are performed drhis function is performed sample-by-sample.

millisecond basis. A simple linear (i.e., uniform) quantizer may be applied.
In order to address the above problem, in the case ldbwever, the application of a quantizer with optimized dis-

conventional, i.e., uncompressed I/Q transport, high $gampances between the quantization levels will result in lower

resolution is applied. Typically, LTE samples are trangpr quantization error, and improved signal quality. The dis&s

using 15-bit resolution per each complex component (as letween quantization levels are not necessarily equagfire

CPRI [9]). it is denoted as non-linear (i.e., non-uniform) quantizére

2@t

ss(1) = sq(i 50 )
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Scaling factor S(k) ny(7) quantized I ng(f) quantized Q e e ny(i+N;-1) quantized [ ng(1+N,-1) quantized Q
O; bits O, bits 0, bits g, bits Q, bits
O, +2 N. O, bits

Fig. 3. Possible frame arrangement of quantized scalingrfand 1/Q samples.
following off-line adaptive procedure is used to determiine I1l. TRANSMISSION OVERMULTIPLE LINKS
quantization levels. _ - In certain transport networks there may be multiple physica

Initially, the gua?tlzanon |3V%|5 a}re uniformly distritadl in ~ ang/or logic transport links between each RRH and BBU.
the range[—(2Qq —1),---,2%7" — 1], centered at zero, Those links may be assigned different quality of service
with total 0‘222 * levels. The levels are denoted as(m), (Qos) attributes. For example, modern packet-based niswor
n=1,---,2% wherem is the iteration index. A signal with pave the QoS mechanism such that each packet may be

zero-mean and unit-variance Gaussian distribution is gestib assigned a guaranteed maximum latency and minimum data
pf the above block scaling. The output of the block_sca_\lin,gﬂe according to a QoS class it is associated with [13].
is denoted asi;4(m). The index of the closest quantizationjiernatively, in wireless mesh networks [14] multiple K
level with respect tos,,(m) is determine as may be used for 1/Q transport, each link supporting specific

Nmin (M) = arg min |g, (m) — sg4(m)| (10) data rates and latency. In order to exploit the above network

" architecture and improve 1/Q transport we propose two solu-

wheregy, (m) is then-th quantization level at iteratiom. The  tions: (i) successive transmissions of quantization srrand
closest quantization level is then adapted as (i) multiple transmissions of dithered signals.

Crgin (M + 1) = @, (M) = 114(qn,y, i (M) — 559(m)) (11) . o o
. . - . . A. Successive Transmissions of Quantization Errors
where p, is the adaptation coefficient. The above iterative

procedure belongs to a broad set of gradient algorithms [11] L€t US assume that there arel possible links, each
[12]. It adaptively minimizes the mean square error betwedyScciateéd with a unique QoS class. For example, link 1
the quantization level selected in (10) ang (). has the lowest guaranteed latency, link 2 the second lowest
Using the quantization levels obtained from the above offu@ranteed latency and so on. The I/Q compression for link
line procedure, the output of the block scaling is quantizéd's performed as previously described in Section Il. Lggall

as at the compression side, decompression is_ pe_rformojz‘)
' . ' denotes the output of the local dequantization and block

ny(i) = argmin lan — R(ss(3))], rescaling. It corresponds to the original sigrali) = s4, (7),
no(i) = argmin g, — S(s4(i))] (12) as in (6), where the subscript 1 denotes link 1. The link 1

quantization error is
and wheres,(7) is given in (9). The quantization level indices

ny(i) andng(i) may be transported as given in Figure eq, (1) = sa, (i) — 5a, (i) (15)
Higher resolution will improve the signal quality (i.e.wer For link 2, the above error for link 1 is compressed and sent

quantization error), while increasing the transport dat®s. over link 2, i.e.,s4,(i) = e, (7). In Figure 4 the proposed

Therefore, the resolutiod), is a design parameter derivedsolution is depicted for two links. In general, the quarttiza

from the trade-off analysis between the required signalityua error for link m is compressed and sent over link+ 1, i.e.,
and the desired data rate.

Considering both the block scaling and quantization, the Sdynir (1) = €q,, (1) (16)
average number of bits used to transport a complex I/Q samgde 1, = 1,.... M — 1.

IS IN.Q, + Q 0 Note that for each link the block scaling and quantization
Q=== ]\3 5 =2Q,+ Fs (13) are performed individually, while the removal of the redun-
¥ s . dancies in spectral domain is performed once (as in Section
where the second term corresponds to the block scallngrfaqtﬁ, prior to per-link processing. Per link, the resolutiah,,

contribution. L _ _ is selected such that the transmission data rate matches the
At the decompression side the inverse operations are p§§'signed QoS data rate for that particular link

formed in the following order: (i) dequantization, (i) I A" the decompression side the dequantization and block
rescaling, and (iii) resampling to the original samplingera yoseajing is performed for each link, and the outputs are

In order to quantify the signal quality after the dequantit@® o oted as,, (i), - - -, 54, (i). Assuming successful reception
and block rescaling, we measure the signal to quantizatign .. -n Iinkl the resuItA; are summed up as

noise ratio §QN R) defined as "

Esa(i)[? ) =S sy (i

S oA 72 14 Sa° (1) =Y 8a,. (i) 17)
ET5a(0) — 540 4 =

wheres,(7) is the block scaling input in (6) angl;(¢) is the representing a composite output of the multi-link compeéss
output of the block rescaling. I/Q transmission.

SQNR =
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Fig. 4. Successive transmission of quantization errors oudtiple transport links.

In general, for certain links the transmission may fail (e.gB. Multiple Transmissions of Dithered Sgnals
packet transmission exceeding the maximum allowed lajency . _ L
The links with less stringent QoS attributes (e.g, longer Due to transmission of successive quantization errors the
guaranteed maximum latency) will have a higher probabili@bove scheme may be viewed as a differential transmission.

of failure. In the case when link; + 1 has not been receivedConsequently, if a transmission over linky + 1 fails, the
correctly, the above summation is performed for the firgt Successful transmissions over subsequent lifikg €2, L, +
links as 3,---, M) will not contribute to improving the decompressed

Lm signal quality (as expressed in (18)). As an alternative dda
5y(1) = Z 5d,, (1) dresses this particular problem, instead of applying ssice
m=1 transmissions of quantization errors, dithered versidnthe
In this case, only the firsi ), links contribute to the decom- same signal may be transmitted. Basic aspects of dithereng a
pressed signal. analyzed in [15].

The above solution exploits multiple links, taking into Let us assume that there aité possible links. For each
account their individual QoS attributes to improve the aller link, after the block scaling that is described in Subsectio
signal quality. Successful transmissions over each saiees |I-B, dithering is performed by adding a pseudo noise to the
link incrementally contributes to improving the quality tle quantizer input as
composite decompressed signal, which is expressed by the
following proposition. ng (i)

Proposition 1: Successful transmission ovByf, successive
links results in a signal quality that is equal to the signgjherep,, (i) is a pseudo noise with the subscriptdenoting
quality of a single-link transmission with the resolution the link index (n = 1, - - -, M). The above signal is then quan-

(18)

= 5,(6) + pun i) (20)

Ly tized as described in Subsection II-C. Different instaitres
Q" = Z Qm (19) of the pseudo noise are used for different links. In addjtion
m=1 the variance of the pseudo noise depends on the particular

where Q,,, is the number of bits per I/Q sample for linkduantizer resolutior®,, (m = 1,---,M). The goal of the
m. SQNR quantifies the signal quality, and it is assumed @ove dithering is to produce independent quantizatiosenoi
increase exponentially with the resolution. between linksm =1,---, M.

Based on this proposition, each successful successive linkNote that for each link the dithering and quantization are
transmissions will exponentially improve the signal qgiyali performed individually, while the block scaling and rembva
depending on its resolution. The corresponding proof is pref redundancies in spectral domain are performed once (as in
sented in Appendix, including discussions on exponenti@gction II), prior to per-link processing.
dependency between the resolution and signal quality. Per each link, the added pseudo noise is also known at the
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decompression side. After the dequantization, it is red@ase o

55, (1) = 50, (1) = P (0) (21)

60
where s¢ (i) is the output of the linkm dequantizer. The
composite dequantized signal is s0f

s1(i) = Zem 5o () (22) w
Lp

SQNR [dB]

w
o
T

where the summation is performed only for the links with
successful transmission, add, is the number of those links

(Lp < M). A successful transmission over each link incre: 20¢
mentally contributes to improving the quality of the comip®s
decompressed signal, which is expressed by the followir e Idealized upper bound
ey 4 Block scaling and non-linear quantization
pI’OpOSItlon. — — = Block scaling and linear quantization
Proposition 2: Assuming independent quantization noise % 6 8 10 12 14 16 18 20

Resolution per complex sample

between the links, successful transmission o¥egy links

results in the composite signalQ N R
Fig. 5. SQNR as a function of the resolutio, for i.i.d. complex Gaussian

SQNR}, < LpSQNR, (23) distribution.

where SQN R; corresponds to link 1, which is assumed to
have the highest resolution. The equality holds in the cag,
when each link has equal resolution, i.e., data rate.

The corresponding proof is presented in Appendix. Basg?le R .
on the above proposition, for the multiple transmissions greurnng mﬂmteprocessmg delgy _[16]' _ )
dithered signals the signal quality improves linearly witle e now consider 1/Q transmission over multiple links, as
number ofany successful link transmissions (e.g., losing g_escrlbed in Section II_I. Both solutions _hav_e been cong@:er
transmission over one link will not affect usefulness ofesth () Successive transmissions of quantization errors, aid (
links). In the case of successive transmissions of quaigiza Multiple transmissions of dithered signals. In Figuré N R
errors, as described in the previous subsection, the sigifalPresented as a function of the number of links. In
quality improves exponentially. However, the links must b@eneral, each link may support different data rates. Howeve
successfully received in the successive order (e.g., loss o this particular example, each link has an identical data
transmission over linkl,; + 1, will render other successful 'até supporting resolutio), = 3 bits, @, = 16 bits,
links useless s + 2, - - -, M)). and N, = 32, resulting in@Q = 6.5 bits per complex I/Q
sample, per link. Furthermore, transmission over eachink
assumed to be error-free. The upper bound corresponds to the

previously described idealized quantizer being appliegich

In this section we first numeri(_:ally investigate perfor_manq_ink’ resulting in the aggregate multi-link performancetth
of the block scaling and quantization that are described {0 gescribed in Proposition 1 and Appendix. In the idealized
Subsections II-B and II-C, respectively. In order to assBes 556 and for successive transmissions of quantizationserro
performance and compare against the idealized quantizer, YONR increases exponentially with the number of links
consider independent identically distributéd.d.) input sam- (ie., linearly in the logarithmic domain). However, in ghi
plessq(i) with complex Gaussian distributiokz (0, Px)*. FOr - grrorfree example, for multiple transmissions of ditltkeség-

the given resolutior in (13) the performance is quantifiedy s the increase ISQN R is significantly slower, resulting
in terms of SQN' R, and compared against its idealized Uppgf, jower SQN R.

bound. As discussed in Appendix, t&) N R upper bound
is SQNR,, = 29 [16]. In Figure 5SQNR is presented as

grformance is approximately 4.5 dB lower than the upper
ound SQN R,,. However, in order to achiev€ QN R,
idealized vector quantization would have to be applied,

IV. NUMERICAL AND EXPERIMENTAL RESULTS

To illustrate the multi-link performance in the presence of
) . ) transmission errors, we expand the above example, setting
a function of the resolutiod). Both the proposed non-lmearthe number of links toM = 4. In general, each link may

Egg ;r;?era?l;r\';:net; aereo\‘;g:tsr:ge"rr?:ér-l-ohfe ?gp[g:vz?rrssﬁtt@ave different transmission error probability. Howevarthis
a9 ) i example it is assumed that each link has equal probability of
(e.g, forQ, = 3, i.e., @ = 6.5 bits the difference between

. . e .. transmission errors (i.eP. = P.y = Py = -+ = Peyy).
the two s 1.6 dB). The difference is Q|m|n|sh|ng with h_|gher|.he errors are uncorrelated in time and between the links. If
resolution. For example, fo€, > 7, i.e., Q@ > 14.5 bits

the performance between the two quantizers is practica Fre s a trgnsm|SS|on error n link .(m - Lo, M) the
indistinguishable. In further analysis we apply the noTedr Yatg transmitted over that particular link will not.be amble

. ' ) . ... during the decompression, thus adversely affecting thisper
quqntlze_r. Furth_ermoreS‘QNR Increases exponentially with mance. In Figure 7SQNR is presented as a function of the
Q (i.e., linearly in the logarithmic domain). We note that th

ronosed practical block scaling and non-linear quaritnat ransmission error probability?.. From the results we note
prop P 9 q " that successive transmissions of quantization errors ang v

1Thei.i.d. assumption corresponds to a case when there is no redunda§8ﬂsmve _tO the transmission errors, I.ﬁQ_NR IS dec_rea}smg
in the spectral domain, with a constant, i.e., flat power spet density. rapidly with P.. On the other hand, multiple transmissions of
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TABLE |
80+ ‘ : : DOWNLINK LTE REQUIREMENTS[21].
Idealized upper bound
T | S e e s ] Vioduation Scheme _ WaximumV 17,
QPSK 17.5
60 16-QAM 12.5
64-QAM 8

o
=}
T

SQNR [dB]
3

A. LTE Experimental Results

In this subsection we present experimental performance
evaluations of the proposed single-link 1/Q compression
scheme applied to LTE. The performance is quantified in terms
of error vector magnitudeKV M) and adjacent carrier leakage
‘ ‘ ‘ power ratio ACLR). Both quantities are well-established
! 2 mberoinee 4 figures of merit, widely applied in wireless industry [189].

In this study EV M is used to quantify in-band distortions
introduced by the compression scheme, and is defined as

w
=
T

N
=}
T

i
[S)
T

Fig. 6. SQNR as a function of the number of transport links, error-free
transmission, for.i.d. complex Gaussian distribution. E[|5_U B a:|2]

EV My =) ————— 100 [%] (24)
Eljaf’]
—©— Successive transmissions of quantization errors . . .
—— Mulple transmissions of dithered signals where z is the output signal (after the compression and
1 decompression have been performed), whilis its idealized
noise-free version. Higher values @&V M correspond to
higher levels of in-band distortion&V' M directly relates to
the maximum achievable SNR, i.e., SNR ceiling as

SN Reciting = —20log EVM [dB]. (25)

70

60

SQNR [dB]
8

w
=]
T

The maximum level of in-band distortion that a base station
20 or a mobile terminal may introduce is typically specified by a

\\s\m particular standard. For example, according to the LTE 3GPP
10} specification [21], the maximum downlinEV M require-

ments are given in Table I.

e In this studyAC' LR is used to quantify out-of-band distor-
Probability of link wansmission error [%) tions introduced by the compression scheme affecting adjac
frequency channels. It is defined as
Fig. 7. SQNR as a function of the probability of transmission error, for P(f )
i.i.d. complex Gaussian distribution. ACLR = 10log ———— [dB] (26)
P(fe+Af)

dithered signals are very robust, i.e., the decreasgjv R is  Where P(f.) and P(f. + Af) are the signal power den-
imperceptible for theP. range in Figure 7. In this particularsities (after the compression and decompression have been
example forP, > 1.2%, multiple transmissions of ditheredPerformed) at the assigned and adjacent channel frequsencie
signals outperform successive transmissions of quaittizat/c andf.+Af, respectively. For example, in LTE the required
errors. minimum downlink ACLR is 45 dB.

Superior performance by multiple transmissions of ditdere 10 generate test LTE signals and evaluate the performance
signals in the presence of transmission errors may be equlai W€ apply independent third-party software and test equigme
as a consequence of its ability to exploit multi-link divigrs A wide variety of downlink and uplink LTE signal arrange-
On the other hand, exceptional performance of successi}gNts have been synthesized using [22]. After the compressi
transmissions of quantization errors in the error-freeecadNd decompression, the output is generated using [23]. The
may be explained as a consequence of its ability to expl§ignal quality is analyzed using [24]. The signal analyzer
multi-link multiplexing. Additional analysis will be needl to Performs physical-layer LTE reception, including synafira-
establish a more rigorous relationship between the diyerstion. channel estimation and estimation of in-band and out-
and multiplexing aspects of the proposed multi-link sains. of-band distortions. The in-band distortions are estihdios

For example, approach in [17] may be used as a basis for fféerence signals, resource blocks with QPSK, 16-QAM and

future work. 64-QAM, individually. Both the transmission and reception
When choosing between the two proposed multi-link tran&t€ performed in real-time, &, = 763 MHz.

missions schemes, both the particular link data rates and er " Figure 8 we present experlmegtally measufsd.M for

probabilities need to be considered. The above numerid@ MHz downlink LTE, per antenriain this example, we

angly3|s may be. u_sed to decide on the application of the MOSizach antenna is processed individually, incrementallyreiasing the

suitable transmission scheme. transport data rates.
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Fig. 8. EV M as a function of the relative transmission data rate with
respect to the uncompressed rate of 460.8 MBPS, 10 MHz dokhTE, Fig. 9. ACLR as a function of the multi-rate filter size, 10 MHz downlink
per antenna. LTE.

available LTE latency budget. For example, the uplink legen
budget is 4 msec, easily allowing for the application of the
proposed compression scherhe

implemented the multi-rate filter witth. = 3, K = 2 and
N, = 64. The scaling factor resolution is set @, = 16

bits, while the 1/Q sample resolutia, is changing according Equivalent uplink measurements have been performed with

the the prgsented data rates (frag), - 2 to 10 bits, two test user terminals (UEs). At this stage, the results and
corresponding to the lowest and the highest data rate, re-

. . . e conclusions are identical as in the above downlink case.
spectively). The downlink scheduling decisions are pentea o . : )
. Hlowever, more specific uplink measurement scenarios will
once every 2 msec. The modulation schemes are randomax/ . o
: have to be addressed. Namely, uplink channel variations due
assigned to each resource block. The scheduler may also ran-~ .. . ! . .

. ; .t0 mobility and large differences in the uplink signal power
domly decide not to use a particular resource block, lovgerin . . .

o . .~ between multiple UEs will be considered.

overall transmission power, and consequently increadieg t
signal dynamic range. We believe that this dynamic signal
arrangement corresponds to a realistic case of downlink LTE
148.48 MBPS) and higher, the proposed compression scheqgumber of benefits that are listed below.
will introduce negligible in-band distortionH{V M = 1.5%,
which is significantly better than the required maximum
EVMess—gam = 8%). Furthermore, for the relative rate of
27.78% (i.e., 128 MBPS) and highetACLR is 45 dB or

better, meeting the LTEAC' LR requirements.

Out-of-band distortions are also affected by the multerat
filter size. To investigate this effect in Figure 9 we present
experimentally measuredCLR as a function of the filter
size N,,. In this example, the data rate is set to 148.48 MBPS
(N, = 32 samples(), = 16 bits, Q, = 7 bits). Note that the
smallest filter sizeV,, = 32 will not meet the LTEACLR
requirements, while foiv,, = 64 and larger, the requirement
is achieved and exceeded.

Based on the above measurement results, the transport
rates of approximately 150 MBPS and the filter si¥g = 64
will guarantee very low levels of in-band and out-band disto

tion comfortably meeting the LTE signal-quality requirathe station architecture which relies on multiple RRHs being

In this case, the proposed I/Q compression scheme V@Onnected to baseband processing resources at a cenmtralize

tpro;/rllded better than (;hrcesflglldtdata r_atg red;ic“t%n CorTltbarF)cation via a low latency, high bandwidth transport neteor
0 fhe uncompresse ransmission. -Furthérmore, raddition, in distributed network-centric baseband,cess-

. - n- " 1R
thed %:ven param_eterls tthe m!nlrgaglsalgorlth_m;c gom%ret;ssi)g is distributed across multiple physical locations [Ijose
and decompression fatency 1S .25 Usec, Introcduced vy hitectures are expected to gain importance in light ef th
multi-rate filtering and block scaling. In our real-time FRG

|mplemema.t|0n: additional processing latency is lessntha srpe 1 7g uplink latency is limited by the hybrid automatic eap request
3 usec. This overall latency is significantly lower than th@iARQ) mechanism.

V. APPLICABILITY AND CONCLUSIONS

« Significantly lower transport data rate, resulting in a
lower-cost transport network.

o Low processing latency, which is critical for many
advanced coordinated transmission and reception tech-
nigues.

« Ability to exploit multiple links with different QoS at-

tributes, which may be particularly beneficial in packet-

based and wireless mesh transport networks.

May be applied to different wireless technologies, with

appropriate parameter settings, while keeping the ar-

chitecture identical, i.e., technology and implementatio
agnostic.
he above characteristics will lead to a cost-effectivelanp
Atation of a number of novel radio access network solu-
tions. Those solutions are briefly addressed in the follgwin
Collocated network-centric baseband is a wireless base
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general trend in the industry to move to network-based corfi€Q) N R for the above composite signal is

puting. Ability to perform cost-effective radio accessweik E|sa(i)?

(RAN) processing in the 'network cloud’ will greatly depend §i(i) = —— ==L = T H@tH 0y, (35)

on the required transport rates as well as associated lasenc Eleqs,, (1)l

Therefore, the proposed compression scheme is viewedTag aboveSQN R also corresponds to a single-link quantizer
a key solution enabling implementation of the above novelith the resolutiorQ* = Zﬁf’:fl m in (19), which concludes
concepts and architectures. the proof of Proposition 1.

Coordinated multi-point (CoMP) is a set of novel inter/antr  |n order to address the initial assumption th&Q)N R
base station coordination techniques, resulting in sigaifi increases exponentially with the resolutiQnwe consider the
improvements in wireless data rates. For example, undellowing idealization. According to rate distortion thgofor
idealized conditions coherent joint processing (JP) CoMih infinite sequence of independent and identically disteith
transmission is proven to provide significant mean and ce§amples, with complex Gaussian distributid@ (0, P,) there
edge data rate gains [2], [25]. Assuming perfect channgla lower bound on the quantizer resoluti@,;, for the
state information (CSI), the uplink mean and cell-edge dag@en distortionD [16], [27]. The bound is given as
rate gains are approximately 1%0and 2004, respectively. P
Different versions of CoMP are expected to be standard- Qmin = log, (_S) (36)
ized under LTE-Advanced. However, stringent requirements D
are imposed on channel state information (CSI) availabilitThe idealized quantizer is achieving the above bound by
frequency stability, transport network throughput an@taly performing vector quantization over infinitely-long seque
[26]. The proposed I/Q compression scheme enables efficiefitsamples. The distortio® is the mean square error be-
implementation of coherent JP CoMP, realizing low latencyween the original samples and the output of quantizatiah an

and efficient usage of transport network resources. dequantization. It corresponds to the power of the quatitiza
noise. Based on the above expression, there is a clear expo-
APPENDIX nential dependency betweéf) N R and resolution given as
PROOF OFPROPOSITION1 P, O
In this appendix we provide a proof of Proposition 1. First SENE = D 2 ' (37)

we assume that the linko SQNR is an exponential function Therefore, we conclude that Proposition 1 is valid if thewabo
of the resolution?),,, as idealized quantization is used in conjunction with sucivess

E |2 transmissions of quantization errors.
SQNRm _ |Sdm (2)|2 — @m (27)
Eleg,, ()] A
. " PPENDIX
whereT is a positive const_ant_andz = 1,---_,M. Qonse— PROOF OFPROPOSITION?
qguently, the power of quantization noise for link 1 is
o In this appendix we provide a proof of Proposition 2.
N2 = M After the removal of the dithering signal in (21), we
Eleg, (i) S (28) fth g signs :
[ assume that the quantization error, i.e., noise for eadh lin
The quantization noise power for link 2 is is independent. Namely,
: Elsa, ())]* _ Eleg, (1)]* _ Elsa(i)]? Eleg, (i)eq, (i)] = 0, f 38
E|€q2 (Z)|2 = 1_‘(292 = I(‘Ié?g = I‘Q1+Q2 . (29) |eQ7n (Z)eQn (2)| , lorm 7& n ( )

Based on the above, for link,; the quantization noise is ;/xherem andn are link indices. The averaging in (22) results
Zm e‘]m (2)

. Elsq(i)|? wy N
E|€qLA/f (Z)|2 = W%QLM (30) Sd(z) - Sd(l) LD (39)

As given in (15), the link 1 dequantization and block reswgli Where the summation is performed far, links. Assuming

output is that link 1 supports the highest data rate and consequértly t
54, (1) = sa(i) — eq, (4), (31) highest resolutior);, the power qf link 1 quantization noise
) o ) is the lowest compared to other links. Therefore, the power o
while the corresponding link 2 output is the composite noise is
50 (1) = €4, (1) — €0 (). (32) o Blea, D _ Bleq, () (40)
Combining the link 1 and link 2 outputs yields Ly, B Lp
N . . . _ _ . where the equality holds in the case when each link has equal
Sy (1) 545 (1) = sa(i) —€q, (D) +eq, (1) =4, (1) = sa(i) —€qs (). ooy tion Q? = 232 = ... = Qu, and thus equal powe(rq

(33)
Consequently, the summation of the link 1 to libl; outputs
(as in (18)) results in

of the quantization noise. Using the above inequaltyN R
for the composite signal for multiple transmissions of ditd
signals is

ke N . . E|sq(i)|? Elsq(i)|?
i) = 3 8, ) = 54l = (- 39 Lt < Lol @
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thus

SQNRED < Lp SQNR;,,

which concludes the proof of Proposition 2.
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