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Implementation of spatiotemporal 2-D coding. The latency

of the sixth-generation (6G) network is expected to be re-

duced from the ms scale in the existing fifth-generation (5G)

network to the µs scale, to meet the demands of ultra-

reliable and low-latency communication (uRLLC) require-

ments for extreme connectivity [1, 2]. The concept of spa-

tiotemporal exchangeability and the spatiotemporal two-

dimensional (2-D) coding was introduced in [3, 4]. These

approaches mitigate the capacity collapse caused by limited

temporal resources by enhancing spatial degrees of freedom

(DoF) utilization. A closed-form expression of channel dis-

persion was analyzed in a massive multiple-input multiple-

output (MIMO) system, further validating the spatiotempo-

ral exchangeability theory [5]. Based on the above research

and theoretical work, we conduct experimental evaluations

of spatiotemporal 2-D coding for 6G extreme connectivity in

multi-point-to-multi-point systems [6]. For single user mas-

sive MIMO systems, the spatial DoF remains constrained by

the antenna number of the user equipment (UE). The cur-

rent 5G new radio (NR) standard specifies a maximum of 8-

layer transmission with two codewords for the single-UE [7],

posing challenges for 2-D coding to utilize high spatial DoF.

To address this limitation, we evolve the centralized 2-D cod-

ing to a cell-free distributed implementation, adopting the

2-D folding scheme in codeword trellis [4] as shown in Figure

1(a), and design the experimental system accordingly.

Experimental system. The cell-free distributed

millimeter-wave (mmWave) experimental system consists

of a baseband unit (BBU), prototype terminal, active an-

tenna units (AAUs), and fronthaul cards, as illustrated in

Figure 1(b). The AAUs on the BS and UE are connected to

their respective BBU and prototype terminal via switches,

enabling scalable AAU deployment. IEEE 1588 precision

time protocol, a standard for a precision clock synchroniza-

tion protocol, is used for the synchronization between the

BBU and prototype terminal and AAUs [8]. The AAUs are

deployed in a distributed configuration, and the experimen-

tal system adopts a cell-free transmission [6] and allows for

scalable channel expansion and the waveform complies with

5G NR systems. To demonstrate the performance of 2-D

coding, we only use two AAUs at BS and UE as depicted in

Figure 1(c), and each AAU has two radio frequency chains

with a dual-polarized phased array.

Scheduling analysis. The frame structure follows the 5G

NR standard, with each slot configured as a mini-slot [7].

The first three orthogonal frequency-division multiplexing

(OFDM) symbols on the BS are designated for downlink

transmission, while the first three symbols on the UE are

used for uplink reception. The remaining eleven OFDM

symbols can be reserved for other user scheduling or services.

The over-the-air (OTA) transmission spans two OFDM sym-

bols, comprising one data and one demodulation reference

signal (DMRS) symbol. In our evaluation, the AAU process-

ing and the BBU receiving data require approximately one

OFDM symbol period. Consequently, the physical (PHY)

layer processing in uplink scheduling is delayed by three

OFDM symbols, with a task chain latency of approximately

two OFDM symbol periods. The scheduling process is de-

picted in Figure 1(d) and follows these steps.

Step 1. For UE reception, the uplink scheduling begins

at the 13th OFDM symbol in the (n− 1)-th slot. The BBU

receives the media access control (MAC) scheduling infor-

mation and starts tracking the end-to-end (E2E) latency of

the PHY layer uplink task.

Step 2. The UE begins receiving and processing the data

sent by BS in the n-th slot. Afterward, the AAU completes

the processing, and the BBU reads the data.

Step 3. The UE starts symbol- and bit-level process-

ing of the data at the 4th OFDM symbol in the n-th slot

and obtains the cyclic redundancy check (CRC) result. All

process repeats in each slot.

The BBU reads data and subsequently triggers the pro-
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Figure 1 (Color online) (a) The diagram of the 2-D folding scheme; (b) transceiver architecture of the mmWave experimental

system; (c) the system deployment; (d) slot scheduling process; (e) decoding reliability comparison; (f) uplink latency statistics

comparison.

cessing chain until completion, which includes: resource con-

figuration, resource element demapping, channel estimation,

channel equalization, layer demapping, demodulation, dein-

terleaving, spatiotemporal 2-D decoding, and CRC checking.

Experimental result. We define the block error rate

(BLER) and frame error rate (FER) of the coding as the

CRC statistics for a transport block (TB) and the overall

decoding statistics for all TBs, respectively. As shown in

Figure 1(e), under the same channel conditions and spa-

tiotemporal resources, the BLER and FER performance of

spatiotemporal 2-D coding shows significant improvements

compared to one-dimensional (1-D) temporal coding, i.e.,

traditional NR channel coding scheme. In finite block length

scenarios, high-order modulation causes significant reliabil-

ity degradation due to the capacity collapse effect, which

can be effectively mitigated by introducing space-domain

coding. Experimental results demonstrate that spatiotem-

poral 2-D coding offers a reliability gain of 2 to 3 orders of

magnitude over 1-D temporal coding, without increasing the

additional transmission OFDM symbol. More experiments

can be found in Appendix A. The results in Figure 1(f)

indicate that by adopting the special slot scheduling, the

minimum uplink PHY layer E2E processing latency is less

than 40 µs, representing one order of magnitude improve-

ment over the 5G’s latency. From Figure 1(f), we can ob-

serve that the system’s processing latency and E2E latency

remain stable under different modulation schemes. The av-

erage processing latency of spatiotemporal 2-D coding in-

creases by approximately 2 µs compared to 1-D temporal

coding, which is consistent with the result of expression (4)

in [4]. This additional latency stems from the spatial encod-

ing and folding processes and the extra complexity can be

negligible with appropriate parallelization and vectorization

in the experimental system. For more details, please refer to

Appendix B.

Conclusion. Based on spatiotemporal exchangeability for

uRLLC in extreme connectivity, we investigated the per-

formance of spatiotemporal 2-D coding in a cell-free dis-

tributed mmWave MIMO-OFDM experimental system. Un-

der the same channel conditions, spatiotemporal 2-D coding

can effectively mitigate the capacity collapse effect in finite

block length scenarios, achieving 2 to 3 orders of magni-

tude improvement in reliability. Additionally, through op-

timization of the special slot scheduling, the minimum up-

link E2E latency was reduced to below 40 µs, representing

an improvement of over one order of magnitude compared

to 5G systems. These results validated the advantages of

spatiotemporal 2-D coding, confirming its potential for a

cell-free mmWave communication system, and providing a

practical foundation for future extreme connectivity system

design and deployment.
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