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Abstract. Physical Random Access Channel (PRACH) in 5G new radio
(NR) systems transmits random access preamble for the user equip-
ment (UE) to access the network. In 5G NR systems, Zadoff-Chu (ZC)
sequences are used as random access preamble sequences. Frequency off-
set severely affects the perfect autocorrelation properties of the pream-
ble sequences, thereby affecting the preamble detection performance and
timing accuracy. In this paper, frequency offset effect on PRACH pream-
ble miss detection rate and timing error in 5G NR systems is analyzed.
Firstly, the frequency offset effect on inter-carrier interference and the
correlation of general sequences is derived. Then, based on the former
derivation and characteristics of ZC sequences, the frequency offset effect
on correlation of ZC sequences is derived. Moreover, PRACH preamble
miss detection rate and timing error are analyzed. The analytical results
show that for different random access UEs with different PRACH pream-
ble numbers, the random access performances are differently affected by
the same frequency offset. Besides, the higher miss detection rate, the
smaller timing error. The simulation results show the rationality of the
analysis.
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1 Introduction

The random access procedure is of great importance for the user equipment
(UE) to access the network and achieve timing synchronization with the gNodeB
(gNB). As an initial step to connect to the network, one UE sends a pream-
ble which carries access information (control and timing information) through
Physical Random Access Channel (PRACH) [1], and the gNB needs to detect
the preamble to identify the random access preamble number and obtain timing
information to calculate timing advance (TA) value [2]. Then the UE can estab-
lish a connection with the network and achieve timing synchronization with the
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base station [3]. The peak-to-average ratio (PAR) and peak position of correla-
tion are usually used to detect PRACH preamble sequences and obtain timing
information. Zadoff-Chu (ZC) sequences are used as random access preamble
sequences in 5G new radio (NR) systems due to the good autocorrelation prop-
erties and periodic cross-correlation properties [4].

Frequency offset affects the orthogonality between subcarriers, thus affecting
the accurate reception of preamble sequences and the correlation result at the
receiver. Ultimately, frequency offset will affect the performance of preamble
detection and timing accuracy. The high speed railway communication has been
incorporated into 5G NR systems as a special scenario, so it is necessary to
study frequency offset effect on PRACH and corresponding solutions in 5G NR
Systems [5].

For solving the above problem, there are already some studies. Ref. [6] pro-
poses a Peak Ratio based Estimation method to estimate the frequency offset
between a mobile phone and the infrastructure based on PRACH preambles.
This method use the ratio of the largest peak value over the second largest peak
value to estimate frequency offset. However, this method does not take into
account that frequency offset has different effect on detection performance of
different preamble sequences. Ref. [7] introduces an analytical framework quan-
tifying the ZC sequence’s performance, and it demonstrates that the frequency
offset immunity of a ZC sequence set can be controlled by shaping the spectrum
of the ZC sequence set. But with the advancement of the 3GPP protocol, the
type of restricted sets are determined to adapt to the high speed scenes, the
above analytical framework is of little significance in 5G NR systems. So analy-
sis of the frequency offset effect on the PRACH preamble sequences in 5G NR
systems is needed.

In this paper, based on the analysis of the frequency offset effect on correla-
tion of ZC sequences, the PRACH preamble detection performance and timing
accuracy affected by the frequency offset are derived. Considering the average
value of correlation does not change much when the signal and noise power are
determined, the peak size is used to analyze the preamble detection performance
in this paper. The analysis is performed in the frequency domain and based on
the preamble transmit and receive processes in 5G NR systems. By analyzing
the frequency offset effect on inter-carrier interference, general conclusion about
frequency offset effect on the peak of correlation result is derived. Then, com-
bining the characteristics of ZC sequences with the derived general conclusion,
frequency offset effect on the PRACH is analyzed. The PRACH preamble detec-
tion Block Error Ratio (BLER) and Cumulative Distribution Function (CDF)
of TA error are taken as two performance metrics. The analysis show that under
the impact of frequency offset, the PRACH preamble detection performance
and timing accuracy of different PRACH preamble sequences are different. The
higher the PRACH preamble detection BLER, the lower TA error. Through
simulation, the rationality of the whole analysis is verified.

The remainder of this paper is organized as follows. Section 2 mainly describes
the system model, and Sect. 3 elaborates the analysis and inferences, including
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the frequency offset effect on subcarriers and the peak of correlation result.
Section 4 deduces the specific effect of frequency offset on the PRACH. Section 5
shows the simulation results and proves the rationality of analysis. Finally Sect. 6
concludes this paper.

Notations: Sequences with uppercase letter Y denotes frequency-domain
sequences, with lowercase letter x denotes time-domain sequences.

2 System Model

2.1 Preamble Transmitter

The general process of PRACH Preamble transmitter is shown in Fig. 1. Where
x(m) refers to the random-access preamble sequence, and its size is Ngeq. Y1(n)
refers to its frequency-domain representation and is calculated by DFT as

Yitn)= > a(m)e ?FE n=01, 0 Nygg — 1 (1)
m=0
By mapping Y7 (n) to the middle of N subcarriers, we can get a frequency-domain
sequence Ya(n). zs(p) refers to the sending signal which is the time-domain
representation of Y2(n), where the IFFT size is N.

x(0) Y.(0) 0 x, (0)
x (1) Y, (1) 5 x, (M
2
x(2) DFT 1(2) Sub-carrier Mapping Y IFFT x,(2)
size: N, . 1 size: N .
. : 0 .
;;Ezjzl;q T; Y(N,,-2) x(N-2)
i ¥(N,,-2) 0 x,(N-1)
x(size: N,,) Y, (size: N,,,) Y,(size: N) X, (size: N)

Fig. 1. The general process of PRACH Preamble transmitter.

2.2 Preamble Detector

At the receiver, the received time-domain preamble sequence x,.(p) can be
denoted as

20(p) = Hay(p)e) 7o P+q(p) p=0,1,---,N —1 (2)

where H is the Line of Sight (LOS) channel gain, Af refers to the Doppler shift,
fs is bandwidth of one subcarrier, and g(p) refers to the noise [8]. The general pro-
cess of PRACH Preamble detector is shown in Fig. 2. For the received sequence,
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after DF'T and subcarrier de-mapping, we can get a frequency-domain sequence
Yi(n). To facilitate calculation and analysis, we implement cross-correlation cal-
culation between the received sequence and the root sequence in the frequency
domain. In Fig. 2, Y,.,0:(n) refers to the frequency-domain representation of the
root sequence Tyoot(m), which is defined in 5G NR specifications. Y.(n) is cal-
culated as

Yo(n) = Ya(n) x Yroor(n)” (3)

Z.(p) refers to the time-domain cross-correlation result between the received
sequence and the root sequence, and its size is N. By detecting the peak size
and peak position of the absolute value of z.(p), we can determine which UE
send the preamble and obtain TA value.

x,(0) Y;(0) Y, (0) Y. (0) x.(0)

x, (1) Yy (1) Y, (1) Y. (1) x. (1)

x,(2) DFT YJ(_Z) &charrierdemppinry4(2) r.(2) IFFT *.(2)

size: N @ : size: N '

(VD) Y,(N-2) YN, 2) - L(N,,2) x.(N-2)

L) Y,(N-D) YN, 0 YN,

(V- W, (N, x.(N-D)

x,(size: N) Y,(size: N) Y(size: N,,) Y (size:N,,,) x,(size: N)

Y (size:N.,) )

root et

Fig. 2. The general process of PRACH Preamble detector.

3 Frequency Offset Effect on General Sequences

3.1 Frequency Offset Effect on Subcarriers

In this section, it is analyzed how frequency offset affects the orthogonality
between subcarriers. Firstly, the specific influence of frequency offset on sub-
carriers will be analyzed by a simple frequency domain sequence, where the d-th
entry is 1, and others are 0. Let

YQ(z):{l Z:d} 2=0,1,--- ,N—1 (4)

0 else

According to Fig. 1, 24(p) can be obtained by IFFT as

1 jerdp

-’155(]9) = Ne N (5)

Only consider frequency offset effect, set H = 1 and g = 0, according to (2),

x,(p) is obtained as
1 i2n(Af+dfs)p

() = e (6)
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After DFT, Y3(z) is obtained as

o (Aftdfa—zfe
1 sm( . ) (Aftdfe—zfe  Aftdfe—szfs
s J( Ts - N7is )”

Y- = — X
3(2) N sin (Afjt]c\lf);ffzfs 71')

(7)

By comparing Y3(z) and Y3(z), it is known that only consider the impact of
frequency offset, the received sequence Y3(z) can be expressed by Ya(z) as

N-1

Ys(2) = ) Ya(z1)K (21 — 2) (8)

Zl=0

where K (z1 — z) refers to the interference coefficient of inter-carrier interference
and can be denoted as follows

. Af
1. sin( <L) I
Sdlo | TN S T | () 0<I<N-1
N sin(%flfw) -
K(l) = s
L oo sin( 71 m) J(R+D) (N-1)<i<0 )
—e - Js e N ™ — <
N Sin(%w) <
(N — )Afr
o= o
Nfs

where 6y is the phase of K(0), From (9), it is easier to get the following conclu-
sions

— There is a sudden change of ™ between the phase of K(—1) and 6y.

— Regardless of the phase mutation, the phase difference between two adjacent
items is .

— The absolute value of K(0) is the largest in K (), and the absolute value of
K (—1) is the second largest.

— The larger the absolute value of [, the smaller the absolute value of K (1), so
the farther a subcarrier is from the current subcarrier, the smaller the impact
of the subcarrier on the current subcarrier.

Combine the above conclusions with (2), the received frequency-domain sequence
after de-mapping affected by frequency offset can be denoted as

Nseq_l n—1
Ya(n) =He® | 3" vi(k) |K(k —n)| 5 =3 Yi(k) [K(k —n)|e "7
k=n k=0
+Q(n) w0)
10

According to (9) and (10), it is easier to get that the closer k is to n, the

larger |K(k — n)| is, and the closer e’ “F s to L. Considering that the size
of IFFT N is often much larger than the size of preamble sequence Ny.q4, and
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In — k| is smaller than Ny . So the impact of e’ “%* can be ignored. Then
Yi(n) can be simplified and approximated as

Nseqg—1 -1
Yi(n) = He'™ ||K(0)|Yi(n) + Y [K(K)|[Yie(n)— > [K(k)|Yik(n)
k=1 k=1—Ngeq
+Q(n)
k= _(Nseq - 1)7 _(Nseq - 2)7 e 7_17 172,' o 7N$e(1 - 2,]\/V.Seq -1

(11)
where Y] 1 (n) is the k-th entry interference and can be denoted by Yi(n) as

Yi(n+ k) max(0,-k) <n <min(Ngeqg — 1, Ngeg — 1 — k
Yi(n) = {01( )else( ) (Noca “ )} (12)

So the received frequency-domain sequence affected by frequency offset is simply
denoted by the sending sequence.

3.2 Frequency Offset Effect on Correlation

In the previous section, we analysis the frequency offset effect on subcarriers,
and derive expression of the received frequency-domain sequence Yy(n) affected
by frequency offset. In this section, it is theoretically analyzed how the peak of
correlation result can be affected by the frequency offset. According to (3) and
(11), Y.(n) is obtained as

Ngeqg—1 -1
Yo(n) mHI™ ||K(0)Yi(n) + Y [K(®)Yir(n) = Y [K(F)Yik(n)
k=1 k=1—Nseq

X Y;"oot( ) +Q( ) root( )*

(13)
where /% has no effect on the absolute value of the cross-correlation result, and
can be ignored. To compare the cross-correlation with or without affected by the
frequency offset, set

}/07177“6( ):Hyl( )K"oot(n)*

—1
}/c znterf Z Yc sinter f, k( ) - Z }/c,interf,k(n> (14)

k=1-Nieq
Yc,interf,k(n) = H|K( )|Y1,k(n)Yroot(n)*
Then Y.(n) and z.(p) affected by the frequency offset can be denoted as
Yc(n) = |K(0)|ch7pre(n) + Yc,interf( ) + Q( ) root( )*
2e(p) = [K(0)zc pre(p) + Te,interf (P) + Geor (P)

where Zcpre(P), Ze,interf(P), Geor(p) are the time-domain representation of
Yepre(n), Yeinterr(n), Q(n)Yroot(n)”, respectively. Set the time-domain rep-
resentation of Ye interfx(n) 18 Tcinterfu(p). Then it is clearly that xcpre(p)

(15)
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is the time-domain cross-correlation without affected by the frequency offset,
Ze,interf(p) 1s the interference caused by the frequency offset and the k-th
entry of it is Z¢interf,k(p). Set m, Mpre, Minterfr are entries with the largest
absolute value in z.(p), Zcpre(P), Te interf,k (D), respectively. And the phases of
Zepre(Mpre)s Te inter f,k(Minterf,k) are Opre, Ginter s,k S0 the peak position offset
caused by the frequency offset can be denoted as the absolute value of m —m,..

If mye # Myntersk, as shown in Fig. 3(a), the k-th entry interference will
cause a large change in the peak size and peak position of the cross-correlation
result. When k < 0, the closer O;nerf,i is to Opre + 7, the larger the peak size
is, and the larger the peak position changes, the closer Oipier s,k is to Opre, the
smaller the peak size is, and the smaller the peak position changes. When k > 0,
changes are reversed.

If mpre = Mintersk, as shown in Fig.3(b), frequency offset may cause a
larger change in the peak size than mp,e # Minterfk, but it can’t change the
peak position of the cross-correlation result. When & < 0, the closer O;,terf,i is
to Opre + , the larger the peak size is, the closer O;pier s i is to Opre, the smaller
the peak size is. When k > 0, changes are reversed.

- xc} pre -
xc, pre

(a) Two peak positions are different (b) Two peak positions are the same

Fig. 3. Peak position relationship between xc interf,x(p) and e pre(p)

According to the above analysis, it is known that for a sequence, if m;,. #
Mynterf,k, the peak of correlation will be greatly affected by frequency offset,
and the larger the peak size is, the larger the peak position changes. If mp,. =
Mynterf,k, it can effectively avoid frequency offset effect on the peak position of
correlation.



686 W. He et al.

4 Frequency Offset Effect on the Correlation of ZC
Sequences

In this section, the specific effect of frequency offset on the correlation of ZC
sequences is analyzed based on the derivation of Sect. 3, and the PRACH pream-
ble detection performance and TA accuracy are roughly predicted. According to
the related specifications in 5G NR systems, the 64 preambles used in each time-
frequency PRACH occasion can be determined by the root sequence number «
and cyclic shift value C,, [1]. Since frequency offset usually is less than half sub-
carrier spacing, set the type of restricted sets is unrestricted in this paper. Then
the 64 PRACH preambles can be obtained as

¥ (m) = Tpoot[(Mm + Cyp) mod Nieq)

. wrum(m+1)

-Troot(m) = e*Jch (16)
Cy, =vN¢cg v=20,1,---,63
where Ngg refers to the length of cycle shift and is determined by the higher-

layer parameter [1]. The preamble format used in this paper is PRACH preamble
format O defined in 5G NR systems. Related parameters are shown in the Table 1.

Table 1. Preamble parameters of the PRACH.

Preamble parameters | Values
Nieq 839

fs 1.25KHz,
U 1

Nes 13

The root sequence can be denoted as

. m(m+1)
~J~783 T

xroot(m):e m=20,1,---,838

Yroor(n) = o[1.750208+ 2t | 0.1, 838
And the preamble sequences can be denoted as

_ .[13v(13v+41) | 26vmtm(m+1)
xV (m) —e J[ 839 T 839 ]7"

18
Y (n) = ej[1.750298+726U"J§§é"+1)]ﬂ- (18)

According to (14), Y2 ..(n) can be calculated as

c,pre

Yo (n) = Hel S (19)

c,pre
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After IFFT, z¢ .. (p) is calculated as

Hsin [(13v+ 52) 7] (1

v _ ]( :
xapre(p) N sin [(%+ ) } 3

<

+%)838ﬂ- p:O717 7N_1 (20)

where the entry with the largest absolute value x satisfies

[5+5]-

. [[513335 NH (21)
} H sin [(131} + 839m ) 77}

el =N | ﬁ“) d

where [] denotes the round operator. Considering the interference caused by
frequency offset, Y., ;.,.¢ (1) is obtained as

m

c ;m"e( pre)

|

2
(839 + 839 )7"

H|K (k)| ¢ max(0, — k) <n <
Y intersi(n) = min(838, 838 — k)
0 else
(22)
Then the k-th interference zf; ;.,.; . (p) can be denoted as
2 engp) =10 pac () 2L+ &) (839 — [kl ]
e TN sin [(555% + %) 7) (23)
| (13v+k)(838—k)+26vk+k2+k | p(838—k)
% eJ [ 839 +7=F ]7"

where the entry with the largest absolute value @y ;.. ¢ (M}, ;) satisfies

13v+k m;}ntprf k
er f, -1
H 89 N

worren- [30] []

So mmm,f . has an offset of || 839]] with respect to my,... According to (23), the
bigger k is, the bigger the offset is, and the smaller |K (k)| is. So it is reasonable
to consider only two interferences (¢ ;,10rp1 a0d 2¢ 40, 1) When analyzing
frequency offset effect on the peak of ZC sequences correlatlon, then the final

cross-correlation affected by frequency offset can be simplified as

‘rz (p) ~ |K(0)|x::},pre (p) + xg,interf,l(p) + xg,interf,fl(p) + Gcor (p) (25)

where the peak of final cross-correlation affected by frequency offset is related to
the random access preamble number. According to the above calculations and

(24)
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general conclusion in Sect. 3, frequency offset has an impact on both the peak
position and peak size of ZC sequences correlation results. Besides, the PRACH
preamble miss detection rate and timing error of UEs with different random
access preamble numbers are differently affected by the same frequency offset.
The better the detection performance, the lower the TA accuracy.

5 Simulation Results and Analysis

In this section, simulations are performed to verify the rationality of the above
analysis about frequency offset effect on the PRACH, including the PRACH
preamble sequence detection performance and TA error. Simulation parameters
are shown in the Table 2.

Table 2. Simulation parameters of the PRACH.

Simulation parameters Values
The PRACH preamble format | Format 0
Antenna configuration 1Tx*2Rx
Carrier frequency 4GHz
Bandwidth 40 MHz
Frequency offset 500 Hz
Channel model AWGN
Sampling interval (dt) 0.0163 ps

In this part, the PRACH preamble detection BLER and CDF of TA error
are taken as two performance metrics. The detection threshold is set according
to the request that the false alarm probability shall be less than or equal to
0.001 [9], and the preamble detection BLER is counted by comparing the PAR
of correlation with the detection threshold. TA error is denoted by the absolute
value of m —my,.. The peak size and peak position of the correlation result at
the receiving end between the derived result in this paper and the simulation
result are compared. Besides, the relationship between detection BLER and TA
error is analyzed. Simulations are shown below. Where simulation represents the
simulation result calculated by MATLAB according to Fig. 2, derivation denotes
the derived result in this paper.

Firstly, peak sizes corresponding to different random access preamble num-
bers are shown as Fig.4(a). As can be seen from Fig.4(a), peak sizes of the
simulation results and the derived results show the same trend with the change
of v, and they are almost the same in a large range of v from 5 to 60. Besides,
peak sizes of different preamble numbers are differently affected by the same
frequency offset, which proves the rationality of the above calculations and anal-
ysis. Then, the preamble detection BLER is presented in Fig.4(b), when v = 0,
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14 ¢

—o— simulation
—o— derivation

—
[\

—
(=)

the peak size of x

(a) Peak size at 500 Hz frequency offset

[0 70 ) AN ,,,,,,,,,,,,,,,,,,,,

BLER

[ |simulation derivation
[ —a— —e—v=0
[|—=— —e—v=8
| |—=— —e—v=16
—a— —e—vy=24
—a— —e— =32 : :
0.001 : i : i : i :
-20 -19 -18 -17 -16
SNR (dB)

(b) Preamble detection BLER

Fig. 4. PRACH preamble detection performance

there is a significant difference in the detection BLER between the simulation
results and the derived results. When v takes other values, there is basically no
difference, which is consistent with the feature of peak size in Fig. 4(a).
Fig.5(a) shows the TA error affected by 500Hz frequency offset without
considering the noise. It shows that the derived results are very close to the
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—— simulation

\ —e— derivation
20 /
/}‘/'

TA error (dt)
=
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(a) TA error at 500Hz frequency offset
1.00

0.75

CDF

0.50

simulation deviration
...... V:O

0.25

0 5 10 15 20 25 30 35
Timing error (dt)
(b) TA error CDF at 18 dB SNR

Fig. 5. TA error

simulation results, and TA errors of different preambles are differently affected
by the same frequency offset. Then, the TA error CDF at 18 dB SNR is pre-
sented in Fig. 5(b), which shows that the derived result is very close to the simu-
lation results in most cases. Comparing Figs. 4(b) and 5(b), it can be found that
under the frequency offset effect, for different preamble sequences, the lower the
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detection BLER, the larger the TA error, which proves the correctness of analysis
in Sects. 3 and 4.

6 Conclusion

In this paper, the impact of frequency offset on PRACH in 5G NR systems is
analyzed. Considering that preamble detection BLER and TA error are closely
related to the peak of correlation result, this paper aims to analyze frequency
offset effect on the peak of PRACH preamble correlation. Through derivation
and calculation, the following analytical results are obtained. Inter-carrier inter-
ference coefficients of multiple interference entries caused by the frequency offset
have almost the same phase. Correlation results of different sequences are differ-
ently affected by frequency offset, if frequency offset affects the peak position of
correlation, the larger the peak size is, the larger the peak position changes. The
preamble detection BLER and TA error of UEs with different random access
preamble numbers are differently affected by the same frequency offset, the
lower the detection BLER, the higher TA error. The simulation results show the
rationality of analysis in this paper. The analytical method used in this paper
plays a certain role in analyzing frequency offset effect on correlation. Moreover,
the analytical results about the frequency offset effect on PRACH are helpful
for studying how to effectively resist frequency offset. But there is room for
improvement.
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