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Further Topics on Downlink Pilot Design for E-UTRA
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Progress on DL Pilots in RAN1
• Pilot Requirements (full list in R1-050714)

– Optimized for speeds up to 15kph, high performance 15 to 120kph, functional up to 
350kph

• Many London contributions considered a pilot structure with either one or 
two OFDM symbols in a subframe containing common pilot

– LTE requirements may be met with one OFDM symbol containing pilot (e.g., ‘TDM 
pilot’)

• Subframe duration of 0.5 msec means Doppler frequencies up to 1000 Hz can be handled by TDM 
pilots (using the Nyquist sampling theorem)

• Simple three tap MMSE estimation (using TDM pilots on adjacent subframes) enables adequate 
time tracking

• More than “functional” at the exception case 350 kph at 2.6 GHz (842.6 Hz)
– A second OFDM symbol containing pilot is considered for exception cases for 

highest modulations and speeds when pilots not available in adjacent subframes
– Much interest in the potential power and latency savings of TDM control, where TDM 

control is decoded using either the TDM pilot or only nearby (same or adjacent 
OFDM symbol) common pilot

• Contribution R1-051035 contains a TP for DL Pilot minimizing overhead
– Common pilot for 1-2 antennas is located on one symbol, and the common pilot for 

the third and fourth antenna may be on the same symbol as antennas 1-2 or on one 
additional symbol

– When needed (e.g., to be more than functional 64QAM at 350kph) an pilot may be 
added in an additional symbol towards the end of the subframe

– Pilot on the additional symbol could be ‘staggered’ w.r.t. the pilot on the first 
symbol, decreasing the effective frequency spacing for the data (but not control)
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Contribution Overview – Two Topics

• What pilot frequency spacing is required?
– TR statement

• “the density of reference/pilot symbols in the time/and frequency domain should be 
sufficient to handle the highest time and frequency selectivity expected for E-UTRA”

– The pilot frequency spacing is especially important for the primary pilot 
symbol

• TDM control provides potential power and latency savings if decoded using only 
nearby (same or adjacent OFDM symbol) common pilot

• ‘Staggering’ of additional pilots in a second symbol may help the data channel, but not 
the more important control channel

– Compare TU and measured channels for Schaumburg, IL
• How to best generate orthogonal pilot signals?

– Discussion and simulation results on using different frequencies
(subcarriers) versus the same subcarriers and cyclic shift separation
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What pilot frequency spacing is required?
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TDM Pilot Formats Considered (4 Tx Antennas):
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Format 1.  This format has 11.11 µsec 
maximum delay spread protection and an 
overhead of 9.52%.

Format 2.  This format has 16.67 µsec 
maximum delay spread protection and an 
overhead of 14.3%.  All Tx antennas send pilots 
on same symbols or alternatively on 
alternating subcarriers.



3GPP TSG RAN WG1 #42 bis, San Diego, USA, Oct 10 – Oct 14, 2005 R1-051034 

6

Staggered Pilot format (4 Tx Antennas):
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symbol are used for quick 
decoding of the control channel

For the control, the increased spacing of 
pilots in frequency makes channel 
estimation more difficult in higher delay 
spreads relative to TDM pilots

Approximately same effective frequency 
spacing as Format 1 for the data
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Comments on Pilot Formats

• Why put common pilot on symbol 2 instead of symbol 1?
– The location of the common pilot should take into account the location of the 

possible addition of a second pilot symbol for the data (not control) decoding
– If there is need to add a second pilot symbol for time tracking (such as to be more 

than functional and have 64QAM at 350kph), it should be of similar structure as the 
pilot in the first symbol (to reuse low complexity channel estimation circuitry) but 
located towards the end of the subframe

– In this case, similar to the uplink, for the best channel estimation over the entire 
subframe, the pilots should be inset away from the ends of the subframe (e.g., the 
2nd and the 2nd to last OFDM symbol)

• Why the New Pilot Format, Format 2?
– When testing channel estimators using our measured channels plus COST-259 

2 µsec RMS delay spread channel:
• Found a large gap (not floor) between ideal results and results with channel estimators
• The gap is primarily due to the pilot spacing being near the Nyquist sampling criteria for both the 

measured channels and the COST-259        2 µsec channel
– Pilot format 2 has pilots on all subcarriers so orthogonal sequences with very low 

PAPR can be used:
• The sequences are called Generalized Chirp-Like (GCL) sequences
• The TDM pilots can be boosted by at least 3 dB because of the low PAPR
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Simulation Parameters

• 5 MHz simulated (512 FFT size with 300 useful subcarriers)
• All simulations are for an example EUTRA control channel

– Fills the entire first OFDM symbol
– Rate ½ convolution encoding with tail biting is employed
– Two or four transmit antennas, cyclic shift diversity applied
– QPSK modulation

• Two receive antennas are employed at the UE
• Various channels used:

– 6-ray TU
– COST-259 w/100 rays, 2 µsec RMS delay spread, single scattering zone
– Measured channels around Schaumburg IL

• Data is only for two Node B antennas and two UE antennas
• Four virtual antennas are created at Node B by concatenating two channel estimates at two 

different times
• The virtual channels created are good at showing four antenna channel estimation but not the 

true performance of cyclic shift diversity
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Comparison of a measured channel with a COST-259 generated channel
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Example measured channel for 180 Hz Doppler. Example channel generated from COST-259 
with single scattering zone, 100 rays, 2 µsec 
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Simulation Results: TDM vs. staggered w/measured channels

FER results for TDM pilot format 1 with 2-
transmit antennas and cyclic-shift diversity 
(delay=256 samples).  Pilots are sent on every 
third subcarrier.

FER results for staggered pilots with 2-transmit 
antennas and cyclic-shift diversity (delay=256 
samples).  
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Simulation Results: TDM vs. staggered w/TU and COST-259

FER results for TDM pilot format 1 with 2-
transmit antennas and cyclic-shift diversity 
(delay=256 samples).  Pilots are sent on every 
third subcarrier.

FER results for staggered pilots with 2-transmit 
antennas and cyclic-shift diversity (delay=256 
samples).  
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Simulation Results: Format 1 vs. Format 2 w/measured channels

FER results for TDM pilot format 1 with 2-
transmit antennas and cyclic-shift diversity 
(delay=256 samples).  Pilots are sent on every 
third subcarrier and are not boosted.

FER results for pilot format 2 with 2-transmit 
antennas and cyclic-shift diversity (delay=256 
samples).  Pilots are sent on every subcarrier 
and the pilots are not boosted.
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Simulation Results: Format 1 vs. Format 2 w/TU and COST-259

FER results for TDM pilot format 1 with 2-
transmit antennas and cyclic-shift diversity 
(delay=256 samples).  Pilots are sent on every 
third subcarrier and are not boosted.

FER results for pilot format 2 with 2-transmit 
antennas and cyclic-shift diversity (delay=256 
samples).  Pilots are sent on every subcarrier 
and the pilots are not boosted.
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Observations from simulations

• Channel estimators have similar performance with our measured 
channel and the 2 µsec RSM delay spread COST-259 channels

• Pilots in the first OFDM symbol should be spaced such that the control 
channel can be decoded in the highest frequency selectivity expected 
for EUTRA

– If control is decoded, HARQ can be applied to data
• Staggered pilots in an additional symbol may help decode exception 

cases in terms of time tracking and modulation support, but should not 
be used to double the pilot frequency spacing of the pilots on the first 
OFDM symbol

– Control channel not decodable on a good percentage of measured channels 
and COST-259 2 µsec channels

– Power boosting will not overcome the error floor
• To obtain reasonable channel estimates from four base antennas 

(measured channels and COST-259 2 µsec channels), an entire symbol 
of pilots may be needed [Pilot Format 2]

– Designing pilots to have 11.1 µsec protection (pilot format 1) is the bare minimum
– Channel estimators operate better with 16.67 msec protection (pilot format 2)
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How to best generate orthogonal pilot signals?



3GPP TSG RAN WG1 #42 bis, San Diego, USA, Oct 10 – Oct 14, 2005 R1-051034 

16

Option 1 for multiple antenna pilots: Decimation

• Basically, decimation means each antenna uses separate 
frequencies to transmit pilots

• For pilot format 1:
– Antenna 1 sends pilots on subcarriers 0, 6, 12,…
– Antenna 2 sends pilots on subcarriers 3, 9, 15,…
– Antenna 3 sends pilots on subcarriers 1, 7, 13,…
– Antenna 4 sends pilots on subcarriers 4, 10, 16,…

• For pilot format 2 (with four transmit antennas):
– Antenna m sends pilots on subcarriers m-1, m+3, m+7,…

• Pilot sequences to each transmit antenna are orthogonal in the 
frequency-domain
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Option 2 for multiple antenna pilots: Cyclic-shift separability

• The pilot sequence for antenna m is designed using a cyclic shift to 
make the channels seen by the UE orthogonal in the time domain:

– x(k) is a low-PAPR pilot sequence (e.g., GCL) 
• Antennas transmit pilots on same subcarriers:

– For pilot format 1, antennas 1 and 2 use one set of subcarriers and antennas 
3 and 4 use a different set of subcarriers (this was done to enable simple 
channel estimation while using only 2/3 of the subcarriers for pilots on one 
symbol); e.g., P=6

– For pilot format 2, all antennas transmit pilots on all subcarriers; e.g., P=4
• Time-domain estimators (e.g., DFT-based) can be used to separate the 

channels to each transmit antennas
• Frequency-domain estimators can also be used (e.g., MMSE FIR)

– These estimators filter the frequency-domain samples
– Although running in the frequency-domain, these estimators filter out the 

part of the time-domain not associated with the desired transmit antenna

Pmkj
m ekxks /)1(2)()( −−= π
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More details for Cyclic-shift separability

• Consider four antennas at Node B using P=4 with pilot format 2 (all subcarriers 
are used for pilots), the pilot sequence for antenna m is:

• For example say x(k) is a constant modulus signal, then:
– Antenna 1 sends x(0), x(1), x(2), x(3), x(4),…
– Antenna 2 sends x(0), -jx(1), -x(2), jx(3), x(4),…
– Antenna 3 sends x(0), -x(1), x(2), -x(3), x(4),…
– Antenna 4 sends x(0), jx(1), -x(2), -jx(3), x(4),…

• The received signal at the UE is given as (Hm(k) is the channel for Tx ant. m):

• The IFFT of Y(k)x*(k) gives:

Time

Channel for Tx
Antenna 1

Channel for Tx
Antenna 2

Channel for Tx
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Channel for Tx
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4/)1(2)()( −−= mkj
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Simulation Results: Cyclic-Shift Pilots vs. Decimated Pilots w/measured channels

FER results for cyclic-shift pilots w/Format 2 
with 4-transmit antennas and cyclic-shift 
diversity (delay=3 samples)

FER results for decimated pilots w/Format 2 
with 4-transmit antennas and cyclic-shift 
diversity (delay=3 samples) 

0 2 4 6 8 10
10

-3

10
-2

10
-1

10
0

SNR per QPSK symbol

FE
R

 (C
C

 ra
te

 1
/2

 Q
P

S
K

)

 

Ideal
IFFT
MMSE
IFFT+MMSE
MMSE-FIR
IFFT w/thresh

0 2 4 6 8 10
10

-3

10
-2

10
-1

10
0

SNR per QPSK symbol
FE

R
 (C

C
 ra

te
 1

/2
 Q

P
S

K
)

 

Ideal
IFFT
MMSE
IFFT+MMSE
MMSE-FIR
IFFT w/thresh
Linear int.


