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Abstract—In this paper, we present the baseband receiver 

design for IEEE 802.11ah. We study several key receiver 
algorithms, including coarse frequency offset estimation and 
coarse timing synchronization, fine frequency offset estimation, 
fine timing synchronization, channel estimation and MIMO 
equalization. For channel estimation, we propose to use decoded 
SIG field to improve its estimation. To further improve receiver 
performance in low SNR range, we propose phase tracking 
algorithm after MIMO equalization using pilot subcarrier and 
tentative data decision. Extensive simulations have been 
conducted to demonstrate receiver high sensitivity.  
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I.  INTRODUCTION 
The IEEE 802.11ah amendment [1] enhances the IEEE 

802.11 standard to support Internet of Thing (IoT) 
applications, and features low overhead, efficient channel 
access, robust communication, and low power operations for a 
large number of devices.  

 
 IEEE 802.11ah is intended for extended range and low 

power applications in the unlicensed sub 1 GHz band, 
supporting 1 MHz, 2 MHz, 4 MHz, 8 MHz and 16 MHz 
bandwidth. Sub-1 GHz frequency band exhibits better 
propagation characteristics and narrower bandwidths 
(therefore long symbol duration) entails transmission more 
robust to inter-symbol interference found in longer links and 
outdoor scenarios (large delay spread).  

 
The IEEE 802.11ah standard defines a mandatory 

sensitivity requirement for all compliant receivers to make sure 
a minimum operating communication range can be maintained. 
The sensitivity requirement is equivalent to the signal-to-noise 
ratio (SNR) requirement in the baseband design, i.e. the 
minimum SNR a receiver can achieve, given a specific packet 
error rate (PER).  

In IoT applications, range and power consumption have 
become more important factors. This means a higher sensitivity 
receiver design is desired, as it translates to a longer range a 
device can achieve, alternatively, less power requirement for a 
transmitter. Considering the range extension requirement, 
802.11ah receiver need to work in low SNR range, thus 
synchronization and parameter estimation that can achieve 
good performance in low SNR range become very important. 

Various frequency offset estimation algorithm [3] [4] [6] 
[7] and timing synchronization algorithms [5] [6] [7] have been 
proposed for OFDM-based wireless local area network 
(WLAN). In [3], an MMSE frequency offset estimation 

algorithm is proposed. This algorithm can be computed by 
applying one-dimension FFT, however it is computation 
extensive. In [7], a repetitive correlation algorithm for 
frequency offset estimation is proposed. This algorithm can 
achieve comparable performance as MMSE algorithm in high 
SNR range. In [5], a timing synchronization algorithm which is 
robust to multipaths is proposed. This algorithm consists of two 
stages: 1) coarse timing synchronization, where a sliding 
window differentiator is used after auto-correlation to remove 
timing ambiguity 2) fine timing synchronization, where timing 
metric is based on signal-to-interference ratio (SIR). 

Motivated by improving receiver sensitivity, in this paper, 
we study the design improvement of baseband receiver for 
IEEE 802.11ah. We study several key receiver algorithms, 
including frequency offset estimation and timing 
synchronization, channel estimation and MIMO equalization. 
Our timing synchronization algorithm adopt a metric    
different from that of [5] [6] [7], and is more robust in low 
SNR range. For channel estimation, we propose to use decoded 
SIG field to improve channel estimation in low SNR range. 
Since in low SNR range, precision of frequency offset 
estimation is not high and residual frequency offset is 
inevitable, we propose phase tracking algorithm after 
equalization using pilot subcarrier and tentative data decision. 
Extensive simulations have been conducted to demonstrate our 
receiver high sensitivity.  

The organization of this paper is as follows. Section II 
describes the physical layer (PHY) protocol data unit (PPDU) 
format according to the IEEE 802.11 ah standard. In section III 
the system model is given. Section IV presents the proposed 
baseband receiver design. The performance evaluation is 
detailed in Section V, followed by the Section VI drawing 
conclusions for the paper.  

II. IEEE 802.11 AH  PHY PPDU FORMAT 
IEEE 802.11 ah standard defines three basic PPDU formats 

[1]: S1G_1M, S1G_short, S1G_long. The PPDU format of 
S1G_1M and S1G_short are illustrated in Fig. 1.  

  As shown in Fig. 1, PHY PPDU of S1G_short and 
S1G_1M consisting of 5 fields:  
1) STF - The short training field, consisting of 2 (S1G_short) 
or 4 (S1G_1M) OFDM symbols, can be used for coarse timing 
synchronization and frequency offset estimation. 
2) LTF1 - The first long training field, consisting of 2 ( 
S1G_short) or 4 (S1G_1M) OFDM symbols, can be used for 
fine timing synchronization, fine frequency offset estimation 
and single stream channel estimation. 
3) SIG - The signal field, consisting of 2 (for S1G_short) or 6 
(for S1G_1M) OFDM symbols, is decoded by the receiver to 
determine transmission parameters, such as MCS, NSS, etc.  



4) LTF2-N - The subsequent long training fields, consisting of 
NLTF-1 OFDM symbols,  is used for MIMO channel 
estimation, when NSS =1, this part does not exist. 
5) Data - The data field, which carries the user data payload. 

 

 

(a) S1G_1M     

 

(b)S1G_short 

Fig. 1. PPDU packet format in IEEE 802.11 ah : S1G_1M and S1G_short 

S1G_1M mode adopts 1MHz bandwidth with 32 
subcarriers, out of which 24 are data subcarriers. It is for low 
data rate and extended range application. S1G_short mode 
features short preamble, is used for single-user transmission 
using 2, 4, 8 or 16 channel bandwidth. S1G_long features long 
preamble, can be used for single user and multi-user 
transmission. In addition to 3 basic PPDU format, 802.11ah 
also defined 2 duplicated modes: S1G_DUP_1M and 
S1G_DUP_2M. In duplicated transmission mode, both 
preamble and data field are duplicated in each 1MHz/2MHz 
subchannel of total bandwidth.      

III. SYSTEM MODEL 
    The system model is based on IEEE 802.11ah standard. We 
consider a 𝑁𝑇𝑋 × 𝑁𝑅𝑋 MIMO-OFDM system with 𝑁𝑇𝑋 
transmitter antennas and 𝑁𝑅𝑋 receiver antennas. After 
propagation through a MIMO multipath channel, received 
signal sample 𝑟(𝑗)(𝑛) at sample index 𝑛 (𝑛 = 1, 2,  …) from j-
th receive antenna (j=1, 2, …,𝑁𝑅𝑋) can be written as: 
 

𝑟(𝑗)(𝑛) = [∑ ∑ ℎ𝑗𝑖(l)𝑠(𝑖)(𝑛 − l)]𝑁𝑡𝑎𝑝−1
l=0

𝑁𝑇𝑋
𝑖=1 e−jnω + w(j)(n)  (1)         

 
Here, 𝑁𝑡𝑎𝑝 is the length of channel impulse response, ℎ𝑗𝑖(𝑙) is 
l-th tap of channel response from i-th transmitter antenna to j-
th receiver antenna, 𝑠(𝑖)(𝑛) is transmitted sample at sample 
index n from i-th transmit antenna, 𝜔 = 2𝜋Δ𝑓𝑇𝑠, ∆𝑓 is the 
carrier frequency offset, 𝑇𝑠 = 1/𝑓𝑠 is sampling clock interval, 
and 𝑓𝑠 is sampling clock frequency. AWGN noise  𝑤(𝑗)(n) is 
added at j-th receiver antenna, with two-sided power spectral 
density of N0/2. 

IV. RECEIVER DESIGN 
Our proposed baseband receiver diagram is shown in Fig. 

2. Main functional blocks include: coarse timing 
synchronization and coarse frequency offset estimation (FOE), 
fine timing synchronization and fine FOE, channel estimation, 
MIMO equalization, phase tracking after equalization.  

 
Fig. 2. Baseband receiver diagram  

1) Coarse Timing synchronization and coarse frequency 
offset estimation 

    Timing synchronization consists of two stages: coarse 
timing synchronization and fine timing synchronization. 
 
    In coarse timing synchronization, an auto-correlator based 
on the repetition structure of STFs is used. The auto-correlator 
metric at sample index n can be written as, 
 
γa(𝑛) = ∑ {�∑ conj[r(j)(𝑛 + 𝑙)]r(j)(𝑛 + 𝑙 + 𝐿𝑠)𝐿a−1

𝑙=0 �NRX
j=1 /pa

(j)(n)} , 

(2) 
where 𝐿𝑠 denotes the period of short training sequences in STF 
field, 𝐿a denotes the average window length, conj(∙) denotes 
conjugate, and 𝑝𝑎

𝑗(𝑛) is defined as follows: 
 

𝑝𝑎
(𝑗)(𝑛) = ∑ [conj[r(j)(𝑛 + 𝑙 + 𝐿𝑠)]r(j)(𝑛 + 𝑙 + 𝐿𝑠)𝐿a−1

𝑙=0 +
conj[r(j)(𝑛 + 𝑙)]r(j)(𝑛 + 𝑙)                       (3) 

 
A sliding differentiator [5] is applied on the output of the auto-
correlator γa(n), The sliding differentiator output is defined as 
 

Ωa(n) =  ∑ γa(n − i) − γa(n + i + Ls)}Ld−1
i=0          (4) 

 
Where, 𝐿𝑑 is the average window length.  By detecting the 
peak of Ωa(n), we can obtain coarse estimation of symbol 
timing:  

na = max𝑛{Ωa(n)}                                                   (5) 
 
The coarse frequency offset estimation 𝜔 can be estimated as 
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𝜍 = ∑ ∑ 𝑐𝑜𝑛𝑗[𝑟(𝑗)(𝑛𝑎 + 𝑙)]𝑟(𝑗)(𝑛𝑎 + 𝑙 + 𝐿𝑠)𝐿𝑎−1
𝑙=0

𝑁𝑅𝑋
𝑗=1     (6) 

𝜔� = 1
𝐿𝑠

tan−1 (𝜁)                                            (7) 

2) Fine Timing synchronization 

    For fine timing synchronization, the cross correlation of 
received Long Training sequence (LTS) symbol with local 
LTS symbol is used, based on the good auto-correlation 
property of LTS. After coarse frequency offset (CFO) is 
estimated, the received LTS can be compensated using the 
coarse frequency offset estimation 𝜔� and CFO compensated 
LTS signal can be written as, 
 

r̅(𝑖)(𝑛) = r(𝑖)(𝑛)𝑒−𝑗𝑛𝜔�                         (8) 
 
The cross-correlation between the CFO compensated received 
LTS signal and known local LTS can be described as, 
 

λc(n) = ∑ |NRX
j=1 ∑ conj[r̅(j)(𝑛 + 𝑙)]sLTS(l)|2𝐿t−1

𝑙=0        (9) 
 
Where, sLTS(l) denotes the known LTS time domain samples 
at the first transmit antenna and 𝐿𝑡 denotes the length of LTS 
involved in cross-correlation. The symbol timing estimation is 
obtained by detecting the peak of λc(n) , 
 

nc = argmax𝑛∈𝑊𝑐{λc(n)}                         (10) 
 
Where, 𝑊𝑐 is a search window around the estimated start point 
of the first LTS, which is calculated based on 𝑛𝑎, 𝑛𝑎 is the 
coarse timing estimation. A small window size can be used to 
reduce the number of cross-correlation operations.  

 

3) Fine frequency offset estimation 

Due to the AWGN noise, the coarse frequency offset 
estimation 𝜔� may be different from 𝜔. Let 𝛿𝜔 = 𝜔 − ω � , we 
use CFO compensated LTS signal r̅(𝑖)(𝑛) to estimate the 𝛿𝜔. 
Based on the symbol timing estimation nc, the estimation of 
𝛿𝜔 can be obtained by 
 
𝛿𝜔� = 1

Lf
tan−1�∑ conj[r̅(𝑖)(nc + l)Lf−1

l=0 ]r̅(𝑖)�𝑛𝑐 + 𝑙 + 𝑁𝑓��      (11) 
 
where Lf is the estimation window size for the fine frequency 
offset estimation, and Nf is the interval between the samples 
for the calculation of autocorrelation.  
 
After fine frequency offset is estimated, the overall frequency 
offset is calculated as 𝜔� = 𝛿𝜔� + ω � , thus after compensation 
using 𝜔�, the received signal becomes  

𝑧(𝑖)(𝑛) = 𝑟(𝑖)(𝑛)𝑒−𝑗𝑛𝜔�                                                   (12) 
 

4) Single stream channel estimation 

    Channel estimation is performed in frequency domain, i.e., 
using frequency domain received signal after performing FFT. 
When NSS = 1, we only need to do single stream channel 

estimation, and use this channel estimation for demodulation 
of SIG field and data field. We use LTF1 to do single stream 
channel estimation. Refer to Fig.1, for S1G_short, there are 
two LTS symbol in LTF1,i.e., NLTS=2, while for S1G_1M, 
there are four LTS symbols in LTF1, i.e., NLTS=4.   
 
    Let 𝑦(𝑖,𝑙)

(k)  denote the frequency domain received signal of i-
th received antenna during l-th (l=1,..,NLTS) LTS symbol for 
subcarrier k, let 𝑆𝑘 denote frequency domain LTS value for 
subcarrier k, then the frequency domain received vector 
𝒚𝑙,𝑘 = [𝑦(1,𝑙)

(k) , … ,𝑦(𝑁𝑅𝑋,𝑙)
(k) ]T during l-th LTS symbol for 

subcarrier k can be written as, 
 

𝒚𝑙,𝑘 = 𝓗𝑘𝑆𝑘 + 𝒏𝑙,𝑘                                  (13) 
 
where, 𝓗𝑘 = [ℋ(1,1)

(k) ,⋯ ,ℋ(𝑁𝑅𝑋,1)
(k) ]T is 𝑁𝑅𝑋 × 1 vector. The 

channel estimation ℋ�𝑘 for subcarrier k can be written as, 
 

𝓗�𝑘 = 1
NLTS

∑ 𝐲l,k
NLTS
l=1 ∙ 𝑐𝑜𝑛𝑗(S𝑘)                               (14) 

 

5) Use decoded SIG field to improve channel estimation 

    When NSS = 1, we can use 𝓗�𝑘 in Equation (14) for the 
demodulation of data field. However, channel estimation 
accuracy can be improved if we use decoded signal field to do 
channel estimation again.  
 
    For S1G_short and S1G_1M, when NSS =1, after signal 
field is decoded, and if CRC check has no error, the frequency 
domain signal field 𝑆𝑠𝑖𝑔 can be regenerated based on the 
decoded signal field bits. This regenerated frequency domain 
signal field 𝑆𝑠𝑖𝑔 can be used as known signal, and perform 
single stream channel estimation again according to, 
 
𝓗�𝑠𝑖𝑔,𝑘 = 1

M
∑ 𝐲sig,l,k
M
l=1 ∙ 𝑐𝑜𝑛𝑗(𝑆𝑠𝑖𝑔,𝑙,𝑘)                               (15) 

  
Where, 𝑆𝑠𝑖𝑔,𝑙,𝑘 is the regenerated frequency domain value 
during l-th signal field symbol for subcarrier k. 𝐲sig,l,k denotes 
the received frequency domain 𝑁𝑅𝑋 × 1 vector during l-th 
signal field symbol for subcarrier k, and M is number of signal 
field symbols. M=6 and M=2 for S1G_1M and S1G_short, 
respectively. Final single stream channel estimation for sub-
carrier k for demodulation of data field can be written as, 
 

𝓗�𝑘 = (𝓗�𝑘 + 𝓗�𝑠𝑖𝑔,𝑘)/2                                             (16) 
 

6) MIMO Channel Estimation 

    When NSS >1, LTF1~LTFN field are used for MIMO 
channel estimation for decoding of data field.  Let 𝑦(𝑖,𝑙)

(k)  denote 
the frequency domain received signal of i-th received antenna 
during l-th (l=1, 2, NLTF) LTF symbol for subcarrier k, and 
𝑑(𝑗,𝑙)

(k)  denote transmitted frequency domain data value for 



subcarrier k from j-th ( j=1, 2, Nss) spatial stream during l-th 
LTF symbol. Then received vector 𝒚𝑙,𝑘 = [𝑦(1,𝑙)

(k) ,⋯ ,𝑦(𝑁𝑅𝑋,l)
(k) ]𝑇   

during l-th LTF symbol for subcarrier k can be written as,   
 

𝒚𝑙,𝑘 = 𝑯𝑘𝒅𝑙,𝑘 + 𝒏𝑙,𝑘                                              (17) 
 

where, 𝑯𝑘 = �
𝐻(1,1)

(k) ⋯ 𝐻(1,𝑁𝑠𝑠)
(k)

⋮ ⋮ ⋮
𝐻(𝑁𝑅𝑋,1)

(k) ⋯ 𝐻(𝑁𝑅𝑋,𝑁𝑠𝑠)
(k)

� denotes the NRX×NSS 

channel matrix with the (p, q)th element being the channel gain 
between pth receive antenna and qth spatial stream.  𝒅𝑙,𝑘 =
[𝑑(1,𝑙)

(k) ,⋯ ,𝑑(𝑁𝑠𝑠,𝑙)
(k) ]𝑇  is the NSS x1 transmitted vector for 

subcarrier k during l-th LTF symbol.  𝒏𝑙,𝑘 is the NRX×1 
complex Gaussian noise vector with covariance matrix N0I.  
 
Let 𝒀𝑘 = [𝒚1,𝑘,⋯𝒚𝑁𝐿𝑇𝐹,𝑘], and 𝑫𝑘 = [𝒅1,𝑘,⋯𝒅𝑁𝐿𝑇𝐹,𝑘], then 
Least Square (LS) estimation of Hk can be written as, 
 
𝑯�𝑘 = (𝑫𝑘

𝐻𝑫𝑘)−1𝑫𝑘
𝐻𝒀𝑘                                                     (18) 

 
Where, (∙)𝐻 is conjugate-transpose operation, and NLTF is 
number of LTF symbol in LTF field. 

7) MIMO Equalization 

    After the channel estimation is obtained, the linear MMSE 
detector GMMSE, k   for subcarrier k can be written as, 
 

𝐆𝑀𝑀𝑆𝐸,𝑘 = �𝑯�𝒌𝑯𝑯�𝒌 + 𝑁𝑆𝑆𝑁0𝐈�
−1𝐇�kH                         (19) 

 
Denote 𝐲n,k as 𝑁𝑅𝑋 × 1 frequency domain received vector for 
subcarrier k during n-th OFDM symbol, the estimate of the 
𝑁𝑆𝑆 × 1 transmitted symbol vector 𝐱n,k is   
 

𝐱n,k = 𝐆𝑀𝑀𝑆𝐸,𝑘𝐲n,k                                                   (20) 
Where, 𝐱n,k = [x(1,n)

(k) ,⋯ , x(𝑁SS,n)
(k) ]𝑇, and x(𝑗,n)

(k) denotes the data 
value of j-th spatial stream for subcarrier k during n-th OFDM 
symbol. Let 𝛍k = 𝐆𝑀𝑀𝑆𝐸,𝑘𝐇�k,  then the  per-stream decision 
statistic of j-th data stream for subcarrier k during n-th OFDM 
symbol is given by :  

x�(j,n)
(k) = x(j,n)

(k) / [𝛍k]j,j                                (21)   

Where, [𝛍k]j,j denotes (j,j)-th element of 𝛍k. Per-stream post-
equalization signal to interference and noise ratio (SINR) of j-
th data stream for subcarrier k is given by 
 

SINRk
(j) = abs([𝛍k]j,j)/(1 − abs([𝛍k]j,j))            (22) 

where, abs(∙) denotes taking absolute value. 

8) Phase Tracking 

The precision of carrier frequency offset estimation 𝜔� is 
constrained by number of STF and LTS symbols used for 
estimation, residual frequency offset is inevitable, especially in 

low SNR range. Residual frequency offset will cause phase 
rotation, and if not compensated, will cause severe detection 
problem. Our proposed phase tracking algorithm uses pilot 
subcarrier after MIMO equalization to detect the phase rotation 
caused by residual frequency offset.  

Let �̅�(𝑗,𝑛)
(𝑐)  denote the pilot signal after MIMO equalization of j-

th stream for pilot subcarrier c during n-th OFDM symbol, 
then phase rotation which is common to all subcarrier during 
n-th OFDM symbol can be written as, 
 

θ�n = tan−1(∑ ∑ x�(𝑗,𝑛)
(c) 𝑃(𝑗,𝑛)

(c) 𝑝𝑛)Nss
j=1c∈Cp                      (23) 

 
where 𝑝𝑛 is the scramble sequence value during n-th OFDM 

symbol,  𝑃(𝑖,n)
(𝑐)  is the pilot value transmitted by i-th stream at n-

th OFDM symbol, ∁p is set of pilot subcarriers. The resultant 
phase rotation  θ�n can be used for phase compensation in the 
n-th OFDM symbol. To further improve the accuracy of θ�n, a 
moving average filter can be applied, and output of moving 
average filter can be written as, 
 

α�n = 1
2Np+1

∑ θ�n+m
Np
m=−Np

                                (24) 

  . 
 Where, 2𝑁𝑝 + 1 is the number of pilot filtering taps. Having 
obtained α�n, the data subcarriers k is compensated according 
to x�(𝑗,𝑛)

(𝑘) = x�(𝑗,𝑛)
(𝑘) e−jα�n  . x�(𝑗,𝑛)

(𝑘)  can be used to make hard 
decision of modulated data symbols based on minimal 
distance between x�(𝑗,𝑛)

(𝑘)  and all possible constellation.  Denotes  
d�(𝑗,𝑛)

(𝑘)  as the hard decided data symbol, then the phase rotation 
can be estimated as 

β�𝑛 = tan−1[∑ ∑ x�(𝑗,𝑛)
(𝑘)Nss

j=1𝑘∈Φ𝑑
∙ 𝑐𝑜𝑛𝑗 �d�(𝑗,𝑛)

(𝑘) �]               (25) 

Where, Φ𝑑   is the set of data subcarriers.  After �̂�𝑛 is obtained, 
effect of �̂�𝑛 is removed to obtain x�(𝑗,𝑛)

(𝑘) = x�(𝑗,𝑛)
(𝑘) e−jβ�n                                 

and  x�(𝑗,𝑛)
(𝑘)  will be feed to demapper block.  

V. SIMULATION RESULTS 
The proposed algorithms have been implemented in an IEEE 
802.11 ah compliant MATLAB platform. For MIMO fading 
channel simulation, we adopt the IEEE 802.11n MIMO 
channel model B and D [8] to evaluate the performance. In our 
simulation, the time-domain channel impulse response for 
channel B/D are generated at sampling rate of 160Msps (Mega 
sample per second), and signal processing for fading channel 
simulation in shown in Fig. 3. As shown in Fig. 3, transmitted 
baseband signal with bandwidth BW (BW=1,2,4,8) is up-
sampled to 16Msps in frequency domain. The 16Msps 
baseband signal is further up-sampled to 160 Msps in time 
domain, which is done by inserting 9 zeros followed by low 
pass filtering.  Then 160 Msps baseband signal convolutes 
with 160Msps channel B/D channel impulse response pulse, 



after convolution, the signal is low pass filtered and then 
down-sampled to 16 Msps again.   

In the following, we present simulation results for 
S1G_1M, S1G_short and S1G_DUP_1M. For all simulation a 
256 byte packet length is used, and carrier frequency offset is 
40 KHz (40ppm for 1GHz carrier). For simulation except 
AWGN simulation (AWGN simulation only includes carrier 
offset impairment), power amplifier non-linearity and phase 
noise are included, following the model given in [9].  

 

Fig. 3. Singal processing for fading channel simulation 

 

A. AWGN – S1G_1M 

When we evaluate AWGN performance, we set NTX=1, 
NRX=1, and NSS=1. Fig. 4 shows S1G_1M performance for 
MCS0 to MCS7 in 1x1 AWGN channel. 
 

 
Fig. 4. S1G_1M performance in 1x1 AWGN channel 

In Fig. 4, blue curves use decoded SIG field to improve 
channel estimation, while red curves do not use decoded SIG 
field to improve channel estimation. From Fig.4, we can see 
that using decoded SIG field to improve channel estimation 
can bring 0.3~0.7dB gain at PER=0.1. We can also see that 
MCS0 can achieve PER=0.1 at SNR=0.7dB. 

B. AWGN – S1G_DUP_1M 

Fig. 5 shows S1G_DUP_1M performance for MCS0~MCS7 
in 1x1 AWGN channel. In Fig.5, SIG_DUP_1M bandwidth is 

2MHz. We can see that for MCS1~MCS7, S1G_DUP_1M is 3 
dB better than SIG_1M, which is expected since both 
preamble and data are duplicated in 1MHz subchannel of 
2MHz S1G_DUP_1M. But for MCS0, S1G_DUP_1M is only 
2.4 dB better than S1G_1M, this is due to inaccurate 
parameter estimation in low SNR range leading to 
performance loss. From Fig. 5 can see that S1G_DUP_1M 
MCS0 can achieve PER=0.1 at SNR=-1.8 dB. 

 
Fig. 5. S1G_DUP_1M (2MHz bandwidth) performance for MCS0~MCS7 in 
1x1 AWGN channel 

C. AWGN-S1G_short  

Fig. 6 shows S1G_short performance for MCS0~MCS7 in 1x1 
AWGN channel, for bandwidth 2MHz, 4MHz and 8MHz. 
From Fig.6, we can see performance of 2MHz is close to that 
of 4MHz for all MCSs. However, performance of 8MHz is 
worse than that of 2MHz. The gap between performance of 
2MHz and that of 8MHz is due to better interleaver gain for 
2MHz. For S1G_short, MCS0 can achieve PER=0.1 at SNR=1 
dB. 

 
Fig. 6. SIG_short performance in 1x1 AWGN channel for MCS0 ~ MCS7:: 
comparison between 2MHz, 4MHz and 8 MHz 
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D. Fading channel – S1G_short 

Fig. 7 shows S1G_short performance for MCS0 and MCS7 in 
fading channel, for 2MHz, 4MHz and 8 MHz bandwidth. In 
Fig. 7, both antenna configuration 1x1 and 1x2 are shown. 
Compare MCS0 1x1 with MCS0 1x2, at PER=1e-2 antenna 
diversity gain of 7 dB, 7 dB and 8 dB can be obtained for 
2MHz, 4MHz and 8 MHz bandwidth, respectively. Similarly, 
compare MCS7 1x1 with MCS 7 1x2, at PER=1e-2, diversity 
gain of 9 dB, 10 dB and 10.5 dB can be obtained for 2MHz, 
4MHz and 8 MHz bandwidth, respectively. From Fig. 7 we 
also can see that performance of 8MHz bandwidth is better 
than that of 4MHz bandwidth, and performance of 4MHz 
bandwidth is better than that of 2MHz bandwidth, due to the 
frequency domain diversity. For 1x2 antenna configuration, 
MCS0 can achieve PER=1e-1 at SNR= 4dB for all bandwidth. 

  
Fig. 7. SIG_short  performance for MCS0 and MCS7 in fading channel : 
comparison between 2MHz, 4MHz and 8MHz 

E. Fading channel – S1G_1M and S1G_DUP_1M 
Fig. 8 shows the S1G_1M and S1G_DUP_1M performance 

in fading channels. In Fig. 8, bandwidth of S1G_DUP_1M is 
2MHz.   

 
Fig. 8. S1G_1M and S1G_DUP_1M (2MHz) performance in  fading channel  

Since in S1G_DUP_1M, both preamble and data part are 
duplicated in 1MHz subchannel of 2MHz bandwidth, it is 
expected that S1G_DUP_1M shall achieve frequency divesity 
gain over S1G_1M. From Fig. 8 we can see that for 2x2, 
Nss=2, MCS0 of S1G_DUP_1M achieve 5dB diversity gain 
over S1G_1M at PER=1e-2, and MCS7 of S1G_DUP_1M 
achieve 7dB diversity gain over S1G_1M. For 1x2 antenna 
configuration, S1G_1M MCS0 can achieve PER=1e-1 at 
SNR=3.5dB in fading channel B and D. 

VI. CONCLUSION 
In this paper, we have presented the baseband receiver 

designs for IEEE 802.11 ah. We have studied several key 
receiver algorithms such as coarse frequency offset estimation, 
coarse timing synchronization, fine timing synchronization and 
fine frequency offset estimation, channel estimation and 
MIMO equalization. We have proposed to use decoded SIG 
field to improve channel estimation. To improve performance 
in SNR range, we propose phase tracking algorithm after 
MIMO equalization using pilot subcarrier and tentative data 
decision. Simulation results show that using decoded SIG field 
for channel estimation can obtain 03~0.7 dB gain in AWGN 
channel. Our receiver demonstrates high receiver sensitivity in 
various propagation channels. MCS0 can achieve PER=0.1 at 
SNR=0.7 dB and 1.0 dB in 1x1 AWGN channel, for S1G_1M 
and S1G_short, respectively. MCS0 can achieve PER=0.1 at 
SNR=3.5 dB and SNR=4dB in 1x2 fading channel, for 
S1G_short and S1G_1M, respectively. 
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