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Abstract A new auto-reference (AR) transmit-receive 
scheme and a corresponding group decision algorithm on the 
generalized likelihood ratio testing (GLRT) principle is pro-
posed in this paper to overcome the drawbacks of the power 
inefficiency and the high noise vulnerability in transmitted-
reference (TR) ultra-wideband (UWB) systems. A partly 
overlapped detection window structure is introduced in which 
the decided data frames are regarded as the reference signal 
so that energy and time resources in the reference frame are 
saved and full-rate data transmission is achieved. Differential 
coding was utilized to solve the error propagation problem 
introduced by the overlapped detection windows. The group 
decision algorithm on the GLRT principle was utilized to 
estimate the correlation template through all data frames in 
detection windows and could offer better noise suppression. 
Simulation results reveal that the AR scheme with its decision 
algorithm outperforms the conventional and other modified 
TR schemes in generalized signal-to-noise ratio (SNR).

Keywords ultra-wideband (UWB), transmitted-reference 
(TR), auto-reference (AR), generalized likelihood ratio 
testing (GLRT)

1 Introduction

The ultra-wideband (UWB) technology, as a viable candidate 
for short-range high-speed radio services, has many merits, 
including low-power density carrier-free transmissions, 
ample multi-path diversity, and low-complexity baseband 
transceivers [1]. Because of the fine time-resolution of the 
subnanosecond pulses, the RAKE receiver was proposed to 
capture the multi-path signal energy [2]. However, to take full 
advantage of the available signal energy, tens or hundreds of 
correlation operations may be required. This is too complex 

and unrealistic in practice. Hence, suboptimal schemes such 
as the transmitted-reference (TR) and its differential scheme 
were proposed [3,4], which can perform successful multi-
path energy capture and detection without requiring channel 
estimation. However, TR UWB has its own drawbacks such 
as consuming extra power and time resources to transmit 
reference signals, and employs noisy received signals as the 
reference signals for data detection that significantly degrades 
the bit error rate (BER) performance. A couple of methods 
have been presented to suppress the noise of the reference 
signal template [3−7]. Optimal and suboptimal receiver 
schemes have been presented [4], where a reference-data 
pulse pair structure was adopted. With the block-structured 
TR (BTR) system and the GLRT principle proposed in 
Ref. [5], conventional pulse pair structure was broken and 
communication resources such as power and time were saved. 
The noise is suppressed with the use of reference and data 
frames in an observation window simultaneously. In this 
paper, we design an auto-reference (AR) system on the basis 
of the generalized likelihood ratio testing (GLRT) principle 
without the reference frames in a block. Compared with 
the block-structured structure, our scheme with partly over-
lapped windows structure can save communication resources, 
and improve the bandwidth and the power efficiency of UWB 
systems. Simulation results for indoor multi-path channels 
reveal a significant performance improvement in terms of 
BER over the simple transmitted reference (STR) receiver.

This paper is organized as follows. In Sect. 2, we provide 
the conventional STR, BTR and our AR system model. The 
GLRT-based auto-reference receiver structure is derived. 
Section 3 gives numerical results for different detection win-
dow sizes of data modulated symbols. Concluding remarks 
are presented in Sect. 4.

2 System model 

2.1 Conventional TR and block-structured TR schemes

In this paper, the case of single user is considered. The time-
hopping or direct sequence modulation, which is used to 
reduce multi-user interference, is eliminated for simplicity 
without loss of generality. 
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A single user UWB system employing antipodal signaling 
in an indoor multi-path channel is assumed. The ith received 
symbol of the STR system can be expressed by 
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where bjeP1 is the jth data symbol, p(t) = h(t) * g(t) is the 
convolution of the transmitted pulse waveform g(t) and the 
channel impulse response h(t). v(t) is AWGN with two-side 
spectral density N0/2. Ns is the pulse repetition time in a 
symbol. Tb is the symbol interval and Td is the distance of 
the pulses in a frame. Tf is the frame interval which is larger 
than the delay spread of the channel to avoid inter-symbol 
interference, i.e., Tf>2Td>2Tmd, where Tmd is the channel’s 
maximum delay spread .

The nth received block-structured signal of Ref. [5] can be 
described by 

r t p t j T nT

b p t i T N T nT

n f m
j

N

n i f r f m

r

BTR

 

,

,

( ) ( ( ) )

( ( )

= - - -

+ - - - -

=

1

1

1
∑

)) ( )
i

Nd

t
=

+
1

∑ v
 
(2)

where Nr is the number of reference pulses in a block and 
Nd is the number of data symbols. The pulse repetition time 
within one symbol equals to 1. Tm is the length of a block. 
During the signal block, the channel response is assumed 
time-invariant. 

The symbol decision of Eq. (1) is given by
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For the BTR scheme, the GLRT principle was proposed 
in Ref. [5]. For simplicity, the block index n is omitted. The 
correlation template can be obtained by
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where rr,i and rd,i are the sampling vector of the ith received 
reference and data modulated frame, respectively. The 
decision variable of the ith symbol can be expressed by

DBTR,i = sgn(rd,i
Tpri).

However, Eq. (4) is not the closed-form expression but just a 
recursive expression. The approximate solution based on the 
piecewise linear function and the matrix inverse was given 
but omitted here.

2.2 Auto-reference transceiver scheme

2.2.1 AR signal model

In the AR-UWB scheme, data pulses are transmitted succes-
sively and no extra reference pulse is needed in the data 
pulse stream except for a few pilot pulses when the link was 
established. The received signal can be expressed by
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Because indoor UWB channel is slow time-variant and each 
symbol interval is small, the channel within the span of mul-
tiple symbols can be assumed time-invariant. Because the 
detection performance is irrespective of the location of the 
reference pulses [8], we let the current detection window 
partly overlap with the previous window and regard the 
decided symbol pulses at the end of the previous window as 
the reference pulses of the current window. In other words, 
the reference frames in the current detection window are sub-
stituted by the last Nr data frames in the previous window and 
successive Nd pulses are the new data pulses, as can be 
depicted in Fig.  1. Nr and Nd should satisfy Nri1, Ndi1, and 
Nr+Nd = NwhNc, where Nc is the maximum number of frames 
within the channel coherence time, i.e. all those data modu-
lated frames in one detection window will experience the 
same channel. Nw, Nr and Nd can be adjusted according to the 
coherence time of the channel and the complexity request of 
the receiver. The detection window structure is independent 

Fig.  1 Auto-reference receiver detection scheme 
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of the transmitter. Therefore, the current received signal in the 
detection window can be given by
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where rrr,i and rbi denote the ith referential data vector of the 
previous detection window and the ith estimate of referential 
data symbol, respectively; rvr,j, vd,i denote the ith independent 
AWGN noise vector of the former data modulated frame and 
the current data modulated frame of length N respectively. 

In order to reduce the complexity of detection and to com-
pare with the BTR GLRT receiver, we suppose the simplest 
situation that Nr = 1 in the following discussion. Because the 
former data modulated frame acts as the reference frame, the 
referential data symbol estimation error will lead to unaccept-
able consecutive data block errors. For the purpose of elimi-
nating error proliferation in the whole window, we introduce 
a differential encoder before the antipodal modulation. The 
information bit stream Cie{−1,1} is passed through the dif-
ferential encoder. The output encoded bit stream bi = bi-1ci is 
further sent to modulate the transmitted pulse data sequence, 
as shown in Fig.  2.

In the situation of multiple reference frames, the average 
transmitted reference (ATR) receiver provides a cleaner 
template signal by averaging the reference frames [4]
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The GLRT group detection algorithm was presented in 
Ref. [5] and it is easy to extend to our auto-reference system. 
When the data modulation b is drawn from {+1,−1} with 
probability 1/2, the GLRT estimate is applied to overlapped 
detection windows. When the ith symbol is to be detected, the 
other Nd-1 symbols and the impulse response waveform 
vector p are all unknown parameters. Hence, the generalized 
likelihood ratio of symbol i can be obtained by 
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where max ( | )
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1  means the conditional proba-

bility and the maximum likelihood estimate p is given by 
the argument that maximizes the likelihood function pr{rGp} 
over all p when bi = +1 or bi = −1 is true respectively. The 
conditional maximum likelihood estimate can be expressed 
by pr(bi = +1) and pr(bi = −1).

The symbol decision can be obtained by

bri = sgn(Di) (10)

Substituting the Gaussian probability density function to 
Eq. (9), we can obtain the symbol decision
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Because brr,n can be obtained from the previous window 
symbol decision and the received signal frames equate 
rrr,n = br,n p+vr r,n, the first-step correlation template can be 
obtained by averaging 
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Through the correlation operation of the first-step template 
and the received data frames in the current detection window, 
we can attain the estimations of the parameters bk(kci)
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Fig.  2 Auto-reference system with differential encoder

2.2.2 Group detection algorithm

The coupled reference and data frames are transmitted in 
a conventional TR system, which can be extended from Eq. 
(2) by assuming Nr = Nd = 1, and the template signal is the 
reference frame

SfSTR = rr (7)
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With the estimation of bk(kci) and the assumption bi = P1, the 
template estimate pr(bi = P1) can be obtained by

p r

r r

( ) , ,

, , , ,sgn

b
r d

r n r n

n

N

d k d k r n r n

n

N

i

r

r

N N
b

r b

=P
=

=

=
+

+

1
1

1

1 ∑

∑

⎛
⎝⎜

⎛⎛
⎝⎜

⎞
⎠⎟

⎞

⎠⎟
∑

k k i

N

d i

d

= c

P
1,

,r  (14)

Substituting Eq. (14) to Eq. (11), we can obtain the final 
decision of symbol i
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From Eq. (16) we can see that the template for symbol i 
is irrespective of the symbol i’s received signal. Based on 
Eqs. (15) and (16), we can acquire all the symbol decisions 
sequentially. The decided symbols and their received frames 
can be utilized as the reference signal of the next detection 
window. After the decisions, the decided data are sent to a 
differential decoder

Once bi is obtained, the original bit stream can be decoded 
from ci = bi-1bi.

3 Simulation results and analysis

The theoretical analysis of STR was given in many referen-
ces, which is omitted here. Because the correlation templates 
of AR and BTR schemes are both nonlinear functions of 
received signal, the BER performance is difficult to analyze 
and the closed-form expressions are not given here. Never-
theless, the modified Cramér-Rao bound (MCRB) Ref. [9] of 
the three schemes can be compared. 

For the STR scheme, the template is the reference frame. 
It is easy to confirm that the variance of STR is equal to the 
noise variance s2. For the AR and BTR schemes, the template 
of each symbol is related to the other symbols in the current 
detection window. The MCRB which is looser than the CRB 
is given by Ref. [9]

M(p) = DIAG[FM(p)
−1] (17)

where FM is an NxN dimension modified Fisher information 
matrix of which elements are

[ ]
ln ( | , )

( )FM p ij
i j

E
P b

=
y

y y
−

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

2 r p

p p
 (18)

We can obtain that the MCRBs of the template estimate of 
AR and BTR scheme are identical, i.e. 
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The transmission efficiency of the STR, BTR and AR sche-
mes are compared with the assumption of Ns = 1. Because the 
reference pulses and data pulses are always transmitted in 
pairs, the transmission efficiency b equates to 1/2 in the STR 
system. The transmission efficiency of BTR depends on the 
block structure. It can be expressed as 
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+
N

N N
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r d
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If Nr = 1 and Nd = 10, b = 0.909. While no extra reference 
pulses are inserted in the AR scheme, the data are transmitted 
in full rate and the transmission efficiency is always 1. That 
means the AR system can acquire the maximum transmission 
rate when Ns and Tf are the same as that of the STR and BTR 
system. 

The performance of different TR systems is simulated and 
compared with our auto-reference scheme. The transmitted 
pulse waveforms are given by second derivative Gaussian 
function

p t
t

t

( ) e= -1
4 2

2

2
2

p p

t

t⎛
⎝⎜

⎞
⎠⎟

− ⎛
⎝⎜

⎞
⎠⎟

 (21)

where t is set to 0.7  ns. The UWB line-of-sight (LOS) indoor 
multi-path channel (CM1) proposed in “Channel modeling 
subcommittee report final” (http://grouper.ieee.org/groups/ 
802/15, Nov. 2002, IEEE P802.15-02/368r5-SG3a) is adopte d. 
The delayed components of the multi-path signal arrive in 
clusters and each cluster contains multiple rays. It is assumed 
that the arrival time of the cluster and the ray follows expo-
nential rate laws with a cluster arrival rate of Λ = 0.023  3  ns 
and a ray arrival rate of l = 2.5/ns. The received signal 
amplitude is modeled as a Rayleigh random variable with a 
mean-squared value following a double exponential law with 
the inter-cluster signal level rate of decay given by Γ = 7.1  ns 
and the intra-cluster rate of decay given by c = 4.3  ns. The 
frame time Tf and correlation integration time are both set 
to 40  ns, which are far more than the excess delay, and the 
energy of the multi-path components arriving after 40  ns can 
be neglected. Sampling period is set to 0.1  ns.

As described in Sect. 2, we assume that the length of the 
detection window is less than the coherence time of the chan-
nel. Therefore, during the detection window, the channel and 
the impulse response waveforms remain invariant. The num-
ber of referential signal frame Nr is set to 1 and the differential 
encoder is employed before data modulation, as depicted in 
Fig.  2. The BER versus generalized Eb/N0 curves for the STR, 
the BTR GLRT receiver, and the AR receiver with different 
Nd, are utilized in Fig.  3. The consumed energy in the refer-
ence frame is considered and converted into effective Eb to 
form generalized Eb/N0, where N0/2 is the variance of noise. It 
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can be seen that both the BTR and AR systems show signifi-
cant performance improvements in comparison with STR. 
The gains grow with the increase of Nd. This is the reason why 
both schemes have utilized the information of the response 
waveform included in the other data frames. The increase 
of Nd means that more samples can be employed to estimate 
the impulse response waveform. Although the differential 
encoder introduces error propagation, the loss will be very 
small in high Eb/N0. The gain of the AR receiver over the BTR 
receiver decreases with the increase of Nd because the perfor-
mance gain over the BTR scheme mainly comes from the 
elimination of the reference pulses. Similar results can be 
found in Fig.  4.

that the BER performance improves with the increase of the 
overlapped frames in one detection window, and the gain of 
the AR receiver over the BTR receiver increases at the same 
time.

4 Conclusions

An auto-reference system was presented in which data frames 
were transmitted consecutively and data symbols were detec-
ted in the overlapped detection windows. Data modulated 
frames in the tail of the previous detection window were 
utilized as the autocorrelation template of the next detection 
window. The simplest situation that one overlapped data 
frame was regarded as reference frame has been discussed 
and the differential encoder was introduced before the data 
modulation to overcome symbol estimate error proliferation. 
The parameters of the detection windows are flexible to 
adjust according to the channel coherence time in the receiver 
end and independent of transmitter ends. Simulation results 
have shown that the auto-reference system can achieve better 
BER performance than conventional TR and BTR GLRT 
schemes. It is obvious that the BER performance improves 
with the number of overlapped data frames and the length 
of detection windows while the complexity increases simul-
taneously. The tradeoff between the performance and the 
complexity should be considered. Nevertheless, the highest 
transmission efficiency was obtained via eliminating extra 
reference pulses.

Acknowledgements This work was supported by the National Natural 
Science Foundation of China (Grant No. 60372055), the Hi-Tech Research 
and Development Program of China (No. 2003AA123320 and 
20030698027).

References

 1. Win M Z, Scholtz R A. Impulse radio: How it works. IEEE 
Commun Lett, 1998, 2(2): 36−38

 2. Win M Z, Scholtz R A. On the robustness of ultrawide bandwidth 
signals in dense multi-path environments. IEEE Commun Lett, 
1998, 2(2): 51−53

 3. Choi J D, Stark W E. Performance of ultra-wideband communi-
cations with suboptimal receivers in multi-path channels. IEEE 
Journal on Selected Areas in Communications, 2002, 20(9): 
1 754−1 766

 4. Chao Y L, Scholtz R A. Optimal and suboptimal receivers 
for ultra-wideband transmitted reference systems. In: Proc of 
GLOBECOM’ 03, 2003, 2: 759−763

 5. Franz S, Mitra U. On optimal data detection for UWB transmitted 
reference systems. In: Proc of GLOBECOM’03, 2003, 2: 744−
748

 6. D'Amico A A, Mengali U. GLRT receivers for UWB systems. 
IEEE Commun Lett, 2005, 9(6): 487−489

 7. Leus G, vander Veen A J. Noise suppression in UWB transmitted 
reference systems. Signal Processing Advances in Wireless Com-
munications, IEEE 5th Workshop, 2004, 11−14: 155−159

 8. Yang liuqing, Giannakis G B. Optimal pilot waveform assisted 
modulation for ultra-wideband communications. IEEE Transac-
tion Wireless Communication, 2004, 3(4): 1 236−1 249

 9. Reggiannini F G, Mengali U. The modified Cramer-Rao bound 
in vector parameter estimation. IEEE Transactions on Communi-
cations, 1998, 46(1): 52−60

Fig.  3 The BER comparison of the TR and AR receivers with 
Nr = 1 and different Nd = 5, 10 and 20

Fig.  4 The BER comparison of the ATR, BTR and AR receivers 
with Nr = 5 and Nd = 16

Figure  4 shows the BER performance of the STR, ATR, 
and AR schemes when Nr = 5 and Nd = 16, i.e. the length 
of the detection window Nw is still unchanged. We can find 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


