Hierarchical Switched-Matching Dual-Path LNA for Reconfigurable Multi-Band IoT RF SoCs
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Abstract–In this paper, we present a reconfigurable multi-band RF system-on-chip (SoC) architecture that utilizes a hierarchical switched matching network using a dual-path low-noise amplifier (LNA) to support heterogeneous wireless IoT applications. The design partitions the operational band into three distinct tiers within the frequency range of 0.7 GHz to 60 GHz; each tier employs a different specialized matching topology because of the different physical constraints associated with the bands. The three tiers are combined via a balun-based combiner/coupler, and inter-tier isolation of 18 dB is provided. The architecture includes a dual-path LNA, where an inductively degenerated cascode circuit is used for the low and mid-bands, and a resistive-shunt-feedback topology with noise cancellation is used for the millimeter-wave band. A programmable gain attenuator follows the LNA to ensure that the output signal level is optimal for the down-conversion mixer, regardless of the input signal conditions. The overall architecture is controlled by a digital finite-state machine to reconfigure both the matching network and the amplifier path in less than 800 nanoseconds. Our results demonstrate that the proposed architecture provides wideband coverage without sacrificing noise figure, linearity, or insertion loss, resulting in a single-chip multi-standard wireless connectivity solution.
Keywords:  Low-Noise Amplifier; RF System-on-Chip; Dual-Path Architecture;  Multi-Band Wireless Communication
[bookmark: introduction]Introduction
The growing number of diverse types of wireless technologies that can utilize radio frequency (RF) front-end devices creates a requirement for RF front ends that can operate over a much larger range of frequencies than has been previously considered feasible. In the past, multi-standard receivers have typically implemented their multi-standard functionality using discrete RF front-end components, one component for each frequency band. The use of discrete components increases the overall size of the circuit board and associated costs since there are numerous additional discrete components required for the receiver to support multiple wireless standards [1]. During the 1990s there were some initial attempts at integrating the RF front-end functions into a single module using wideband low-noise amplifiers (LNAs) and hardwired noise cancellation techniques that would provide lower input impedance matching than would typically be found with similar narrow band amplifiers; however these wide band solutions usually resulted in poor linear performance and very high power dissipation compared to comparable narrowband amplifiers [3]. There have also been some recent developments in re-configurable RF front-end circuits using switched-capacitors [4] and adjustable inductors [5] but these approaches have the disadvantage of the limited quality of factor degradation that occurs in deep submicron CMOS processes at mm-wave frequencies [6].
In proposing a new three-tier hierarchical switched matching network framework to support end-to-end frequency coverage from 700 MHz through to 60 GHz within a single RF system on chip (SoC), we introduce a core innovation through partitioning ultra-wideband frequency spectra into low-, mid- and high-frequency bands. Thereafter, using optimized passive matching subnetworks and dedicated preamplification stages to develop each of the tiers, each of these bands can be connected together via a wideband combiner. To further enhance this architecture, we additionally employ a reconfigurable dual-path LNA topology that selects dynamically between a narrowband inductively degenerated cascode path suitable only for operation up to 6 GHz and a wide-band noise cancelling resistively feedback cascode base path suitable for operation over the mm-wave region of the RF spectrum using induction-safe connection methodologies. The proposed architecture eliminates conflicts between impedance transformation and quality factor parameters associated with multi-octave bandwidth designs, enabling the use of fast switching, optimally low noise front-end components across multiple heterogeneous wireless standards, while eliminating the requirement for separate front-end elements.
We present the following three key contributions. First, we create a hierarchical switching system based on partitioning the band in to three layered tiers and each layer using its own unique design paradigm for reconfigurable matching networks allowing us to overcome the drawbacks of traditional single stage reconfigurable matching circuits [6]. The second contribution is to utilize a dual-path low-noise amplifier that fuses the benefits of high linearity achieved with inductively peaking cascode topologies [7] with wideband low-noise amplification utilizing noise-cancelling techniques [2]. The combination of these two approaches produces optimal performance over the complete frequency range. Third, we provide a digital finite state machine that can reconfigure both the amplifier and matching networks in 800 ns; thus, allowing for rapid reconfiguration of the amplifier and matching networks in future heterogeneous wireless communication systems [8].
This document is structured such that: in Section 2 we cover our hierarchical three-tier switched matching network architecture along with the reconfigurable dual-path LNA design for each tier and the wideband combiner; there will then be simulations done in section 3 to evaluate performance through benchmarking against other state-of-the-art designs; section 4 has a discussion about how these results can impact future strategies involving multi-radio platforms as well as areas where additional improvement may occur. Finally, we conclude our findings in Section 5.
[bookmark: Xc7fcaa30393e8a08b285950c870c3310d6d57cf]Hierarchical Three-Tier Switched-Matching Network and Reconfigurable Dual-Path LNA Architecture
The proposed architecture decomposes the basic issue of impedance transformation over a 700 MHz to 60 GHz bandwidth into three frequency tiers, thus utilizing matching topologies customized to fit the physical constraints of each tier. The system-level integration of this module into a larger multi-standard reconfigurable RF SoC is depicted in Figure 1. The proposed front end module replaces the traditional bank of discrete band-specific modules.


Figure 1. System Level Integration of the Proposed RF Front End
The signal route starts at the antenna; then, it goes through the hierarchical switched matching network to enter the Dual Path LNA and then to the programmable gain attenuator (PGA) and finally arrives at the down conversion mixer. The entire reconfiguration of the system will be managed by a digital finite state machine (FSM) that will write control words to a band configuration register file to activate the appropriate bias generators and switch states within 800 ns.
[bookmark: tier-specific-matching-topologies]Tier-Specific Matching Topologies
The three tiers of the wireless systems are defined to be: Tier 1 covers 0.7-2.7 GHz, Tier 2 covers 2.4-6 GHz and Tier 3 covers 24-60 GHz; there is an overlap between Tier 1 and Tier 2 which allows the design margins necessary for seamless handover.
In Tier 1 we utilize a high-Q switched bondwire emulated inductor bank. The effective inductance "Leff" is synthesized from the selection and enabling of a number of spiral inductors from ultra-thick metal layers, along with various emulated bondwires and fine-tuned with an array of MIM capacitors. The quality factor target "Q" for this tier is to be greater than 12 at 1 GHz. This has been accomplished through the reduction of series resistance by using thick metal traces and optimizing switch transistor sizes. The impedance transformation ratio "R"in"/"R"out" is designed to convert the antenna impedance (50) to the optimal noise impedance for the following LNA stage.
For the Tier 2 implementation, the LC ladder network consists of three sections, each of which has an inductor connected to the output of the previous section in series and a capacitor (shunt) connected to the output of the first two sections (L and C). In addition, the capacitors are made from MIM (Metal-Insulator-Metal) structures using a deep trench approach that employs a method to reduce parasitic inductance. The entire LC network has been designed to work as a broadband impedance matching circuit in the 2.4-6.0 GHz frequency range. This will allow the user to approximate the transfer function of the entire LC ladder network using a Chebyshev filter response. The values of the components in this LC ladder network are based on both desired bandwidth and amount of ripple. One major advantage of this type of design is that it allows the use of switchable shunt capacitors to reconfigure the network for different sub-bands within Tier 2.
The Tier 3 matching network is composed of coplanar waveguide (CPW) stubs with NMOS single-pole double-throw (SPDT) switches integrated into the stubs. CPW stubs provide a low-loss method of achieving impedance transformation at mm-wave frequencies, where lumped element-type components cannot provide sufficient performance, because of the parasitic effects imposed when using high-frequency signals. The SPDT switches are optimally sized and laid out, providing less than 0.8 dB of insertion loss at 60 GHz. The lengths and characteristic impedances of the CPW stubs have been designed to transform the 50 Ω antenna to an ideal input impedance for the mm-wave LNA path.
[bookmark: Xa28b41acefc7ec955ab1826fa4f02c8073bb635]Balun-Based Combiner and Inter-Tier Isolation
A balun combiner at a single 50-ohm node combines the outputs of the three matching networks specific to the tiers. The balun combiner affords 18 dB inter-tier isolation, which is important to prevent leakage of signals between the various tiers and to ensure that the active path does not load the inactive paths while maintaining optimal performance. The level of isolation achieved by this method is based on a differential topology where each of the tier outputs is coupled to a primary winding and the sum of the signals from all of the tier outputs appear on the secondary winding. The coupling coefficients and winding ratios are optimized to yield the highest amount of inter-tier isolation with the lowest amount of insertion loss for the active path.
[bookmark: reconfigurable-dual-path-lna]Reconfigurable Dual-Path LNA
The LNA contains two separate amplifier paths that can be selected based on the frequency of operation as shown in the tier-specific matching networks and the LNA paths of this module (Figure 2) section.


 Figure 2. Internal Architecture of the Proposed Hierarchical Matching and Dual Path LNA
Inductive degeneration of the cascode topology is a very common method to achieve similar performance across a variety of substrate types. The degenerated input transistor M1's inductive degeneration creates an effective impedance, which can improve reverse-isolation and eliminate any additional noise contribution. The cascode M2 transistor will also reduce the Miller effect. The equation describing the input impedance for Path-A is as shown:

The transconductance of M1 is denoted as gm1, its gate-source capacitance is denoted as Cgs1, and the angular frequency is denoted as ω. To achieve this, we choose Ls and the gate inductor Lg such that ωLs = 1/(ωCgs1) at the center frequency. As a result, the input impedance is purely real and is equal to gm1Ls/Cgs1, which is designed to be 50 Ω.
Path B is an R-S - Feedback topology used for the cancellation of noise, operating at mm-wave frequencies. The main section of Path B consists of a common source amplifier with a shunt feedback resistor Rf used for input matching over a wide band. The noise cancellation method is based on the use of an auxiliary path containing a replica transistors M3 scaled by a factor of 3 from the original input transistor M1. The output of the auxiliary path is coupled to the output of the main path via a transformer with a coupling coefficient of 0.7. Consequently, the total output current Iout  is equal to the sum of the currents from both the main input and the auxilliaries path.:

The current from the M1 device is present in both the Imain and Iaux systems, but oppositely phased. Conversely, the signal current will be in phase. Consequently, noise will be cancelled at the output, and signal will be amplified at the output. The enhancement of noise figure can be expressed as follows:

The excess noise factor for the transistor is represented as (γ) and is proportional to the source resistance (Rs).
[bookmark: X3d2ef88596e32769cb219d94bbf914f0ce886ab]Programmable Gain Attenuator and Digital Control
After the low-level amplifier (LNA), there is a programmable gain amplifier (PGA) to maintain the signal power delivered to the down-converter's mixer in the maximum dynamic range of the ADC. The PGA uses a (three-bit) switched resistor ladder to set gain, by its resistor combinations.

The switched resistor ladder uses polysilicon resistors and NMOS switches, carefully laid out to reduce parasitic capacitance and maintain linearity. The digital FSM controls the entire system. The band selection command is interpreted by the FSM, which generates control words for the band configuration register file. This register file contains information on the matching networks specific to each tier, LNA path selection, bias currents, and gains for the PGAs. After generating the control signals for the bias generators and the switching states, the FSM completes the reconfiguration process in less than 800 ns. This quick switching ability is important for systems utilizing many wireless standards with little or no interruption during handoff.
[bookmark: X58f36e5bbaf0b125bbf3d3da7064ce1695f1563]Simulation Results and Performance Benchmarking
Comprehensive post-layout simulations had been carried out using TSMC 28 nm bulk CMOS technology to confirm validity of proposed architecture through testing. Die area occupied by design was a total of 4.2 mm², with passive structures accounting for 52% of die area. The tools used to perform simulation were based on Cadence Virtuoso with the Spectre RF simulator for analog circuits and Keysight Momentum (for sub-6 GHz passive devices) and Ansys HFSS (for mm-wave components), as well as Mentor Calibre xRC for parasitic extraction in order to model interconnect effects accurately. Digital control logic including an ARM Cortex-M0 microcontroller (MCU) and a finite state machine was created in Verilog RTL and co-simulated with the analog components in a mixed-signal testbench.
The performance of the RF front-end was assessed in four distinct bands (B4 - 2.4GHz, B6 - 5.5GHz, B8 - 39GHz, B9 - 60GHz). The results from Table 1 demonstrate that the reconfigurable LNA has a minimum noise figure (NF) of 2.1 dB at the 2.4GHz band and 3.4 dB at the 60GHz band, and average gain values from 24.6 dB at the 2.4GHz band to 18.2dB at the 60GHz band. In addition, as the frequency is increased, the input third order intercept points (IIP3) also increase from -4.2 dBm to -1.8 dBm and illustrate the advantage of a resistive feedback topology (linear circuit) for mm-wave RF applications. The down-conversion mixer continues to demonstrate an IIP3 above +4.8 dBm for each band, thus providing sufficient linearity in the receiver chain.
Table 1. RF Front-End Post-Layout Simulation Performance
	Parameter
	B4 
(2.4GHz)
	B6 
(5.5GHz)
	B8 
(39GHz)
	B9 
(60GHz)

	LNA NF (dB)
	2.1
	2.4
	3.1
	3.4

	LNA Gain S21 (dB)
	24.6
	22.8
	20.1
	18.2

	LNA IIP3 (dBm)
	-4.2
	-3.8
	-2.1
	-1.8

	Mixer IIP3 (dBm)
	+8.3
	+7.6
	+5.2
	+4.8

	Receive Sensitivity (dBm)
	-92
	-90
	-85
	-80

	TX EVM (dB)
	-38
	-36
	-33
	-30

	TX Output Power (dBm)
	+21
	+18
	+14
	+12

	TX ACLR post-DPD (dBc)
	-48
	-46
	-46
	-44


At 2.4GHz, the sensitivity of the receiver chain in an 802.11ax device is -92 dBm, while at 60GHz it degrades to -80 dBm due to an increased noise figure and a lower gain. The performance of the transmitter is equally impressive. The EVM of the transmission using 256-QAM at 2.4 GHz is -38 dB and at 60 GHz it is -30 dB; the peak output power varies from +21 dBm to +12 dBm. With digital predistortion applied, the ACLR is -48 dBc at 2.4 GHz and -44 dBc at 60 GHz, both of which meet the rigorous requirements of today's wireless standards.
[image: /tmp/com.gatsbi/.cache/9bc15f9fe95f24cde4e9d72f8ee83e37/img/3.png]
Figure 3 shows the magnitude of the forward transmission coefficient
The presented waterfall plot in Figure 3 shows the magnitude of the forward transmission coefficient (S21) across the total frequency range from 0.7 GHz to 60 GHz for all combinations of three tiers of matching states and dual path LNA configurations. It is evident from the plot that continuous frequency coverage exists throughout the entire range with no gap between the segmented tier areas and with an effective gain flatness of ± 1.5 dB within each of the tier(s). Furthermore, the inter-tiers isolation level, as measured at the output of the balun-based combiner, exceeds 18 dB, indicating that the non-active tiers do not load down (affect negatively) the active signal path(s). 
In terms of power analysis of the Table 2, during peak throughput (maximum data throughput) operation, the total amount of power consumed in single band operation (5.5 GHz) is 68.0mW. The total amount of power consumed during simultaneous concurrent peak throughput (maximum bandwidth available) dual band operation (2.4 and 5.5GHz) is 105.5mW and during peak throughput 60GHz operation there is 96.1mW total consumed. The digital calibration engine, with its capabilities in correcting I/Q mismatch and LO leakage, has a contribution of only 1.8 – 2.4 mW depending on the scenario, highlighting the efficiency of the proposed digital assistance.
Table 2. Power Consumption Breakdown by Operating Scenario (mW)
	Block
	Scenario 1 
(5.5 GHz)
	Scenario 2 (Dual-Band)
	Scenario 3 
(60GHz)

	LNA (active path)
	10.2
	17.4
	14.4

	Mixer + TIA
	5.8
	11.6
	8.2

	PA Driver + Modulator
	18.4
	28.6
	24.8

	PLL + S-TVCO
	12.0
	12.0
	18.4

	ADC (12-bit, 1 GSps)
	6.4
	12.8
	9.6

	DAC (12-bit, 4 GSps)
	7.2
	12.4
	10.8

	Digital Calibration Engine
	1.8
	2.4
	2.2

	Reconfigurability FSM + ARM
	2.1
	2.1
	2.1

	PMU + LDOs
	4.1
	6.2
	5.6

	Total
	68.0
	105.5
	96.1


As shown in Table 3, when benchmarking the performance against state-of-the-art multi-band CMOS transceivers, the proposed design supports nine frequency bands (0.7 – 60 GHz) compared to prior implementations that supported two to six bands. The minimum noise figure of 2.1 dB has been reported to be the lowest among the compared works, while the EVM recorded was -36 dB (5.5 GHz) and the total power consumption was 68 mW (5.5 GHz), both providing a competitive level of performance. The figure of merit (FoM) can be defined by the following equation:

N is the total number of bands (or channels) that cover the total amount of available bandwidth BW_total and the worst-case scenario for the minimum noise figure is also a linear number, NF; and the amount of power consumed during operation is P_DC gives a -18.7 dB value to this work compared to that of previous works, which ranged from a -8.1 dB to -13.5 dB range of -18.7 dB.
Table 3. Benchmarking Against State-of-the-Art Multi-Band CMOS Transceivers
	Ref.
	Process
	Bands (N)
	Freq. Range
	NF_min (dB)
	EVM (dB)
	Power (mW)
	FoM (dB)

	[7]
	65 nm
	3
	0.9–2.4 GHz
	2.4
	N/A
	42
	-8.1

	[9]
	40 nm
	4
	2.4–6 GHz
	2.2
	-28
	58
	-10.4

	[11]
	28 nm
	2
	2.4/60 GHz
	2.6
	-30
	74
	-9.8

	[22]
	22 nm SOI
	5
	0.7–39 GHz
	2.8
	-32
	89
	-11.2

	[23]
	16 nm
	6
	0.7–39 GHz
	2.5
	-34
	76
	-13.5

	This Work
	28 nm
	9
	0.7–60 GHz
	2.1
	-36
	68
	-18.7


The band switching latency was 792 nanoseconds (ns) for the worst-case transition from 2.4 GHz to 60 GHz (across the three tiers) and 320 ns.
This result meets the IEEE 802.11ax channel-switching time specification of 1 micro-second (μs). The measured PLL phase noise was -122 decibels relative to the carrier at 1 MHz offset for 2.4 GHz and -98 decibels for 1 MHz offset for 60 GHz band; this provides sufficient spectral purity to allow high-order modulations.
[bookmark: discussion-and-future-work]Discussion and Future Work
As shown in Section 3, the simulation results demonstrate that the new hierarchical three-tier switched matching network and reconfigurable dual-path LNA achieves an attractive balance of wideband coverage and per-band performance. There are a number of other issues to consider with respect to the practical implementation of the new architecture and its ability to scale to future wireless standards.
[bookmark: X1c8bbd2b6067e4c1a5e3b84b3487c01642ef307]Impact of PVT Variations and Thermal Stability on Matching Precision
The proposed architecture is extremely sensitive to the effects of variations in both the process and in the voltage and temperature ranges of these components. As the architecture relies on the use of three precise passive components working over three frequency ranges, this becomes a critical issue. For example, in Tier 1 there is a switched bondwire-emulated bank of inductors which require an accurate model of the bondwire inductance due to the variability of the inductance of bondwires due to differences of +/-10% between manufactured bondwires [9]. In addition, Tier 1 and Tier 2 use MIM capacitor arrays and deep-trench MIM capacitors respectively to fine-tune the resonant frequency of the matching networks, and these also have capacitance variations of approximately +/-5% from process corner [10]. These variations will thus shift the resonant frequency of the input matching networks, which will degrade S11 and increase the noise figure of the receiver.
To mitigate the impact of the effects described above, we have integrated a digital calibration engine into the FSM that performs a one-time background calibration at system initialization. The digital calibration engine uses an integrated directional coupler to measure the reflected power from the antenna port and adjusts the states of the switches in the capacitor banks to minimize S11. The digital calibration algorithm utilizes a binary search to converge within 16 clock cycles (approximately 1.6 μs at a 10 MHz calibration clock). At all process corners, S11 has been simulated after the calibration process was completed and all bands show S11 remains below -12 dB and there is only a 0.3 dB worst-case degradation in terms of noise figure vs. nominal corner.
Thermal drift due to the temperature is still a concern with the mm-wave Tier 3 matching network; therefore, the fixed lengths of CPW stubs will be affected by thermal expansion of the physical stub length, thus affecting the electrical stub length. At 60GHz, a 100°C change in temperature (i.e., going from -40°C to 85°C), will shift the electrical length of a CPW stub by approximately 0.5° or by 0.3 rad phase. This shift will degrade the impedance match and will result in an increase of up to 0.2dB of insertion loss.
A future enhancement that would address the above issue and would be implemented in the design is the integration of a temperature sensor and lookup table which will adjust the bias of SPDT switches to compensate for the phase shift caused by the drift of the CPW stub lengths due to temperature. Although this enhancement is not included in the current design, it would require very little area (approximately 0.01 mm² for both the sensor and digital logic) and could be enabled when the device is idle to allow for optimal performance across the entire operational temperature range.
[bookmark: X6f101d6f21082738f4b99d51d4fd8ba50195b72]Challenges in Full SoC Integration: Substrate Noise and Area Overhead
There are a number of challenges associated with integrating the proposed RF front-end into an SoC environment that were not fully solved with this currently available simulation-based study. One of the main challenges is substrate noise coupling from the digital baseband processor and ARM Cortex-M0 microcontroller. Substrate noise is generated by the digital switching activity in a normal SoC from 100 MHz to 1 GHz, and this noise couples to the sensitive analog RF blocks via the common substrate [11]. The noise that couples through the substrate will modulate the threshold voltage of the input transistors of the LNA, thereby causing phase noise and decreasing the sensitivity of the receiver.
As part of the effort to quantitatively simulate these effects, we performed a preliminary simulation of injecting substrate noise using a distributed substrate model. The distribution of the substrate model allowed us to estimate the effect of a 10 mV peak-to-peak noise signal at 500 MHz injected at a distance of 200 μm from the input of the LNA. The simulation indicated that the receiver's signal-to-noise ratio (SNR) would be degraded by approximately 1.2 dB at 2.4 GHz and that the SNR degradation would be approximately 0.4 dB at 60 GHz as a result of less substrate coupling at the higher frequency. The findings demonstrate that in order to successfully integrate an SOC, all RF blocks must be carefully floorplanned and have deep N-well isolation. We recommend that an RF front-end is located in a dedicated analog island that is encircled by a P+ guard ring connected to a clean ground and there is a minimum separation from the digital core of at least 500 microns.
Another practical consideration is the area overhead associated with passive components. The proposed architecture has a total die area of 4.2 mm^2, of which passive structures represent 52% of the die area. While this is acceptable for a pure research prototype, it becomes prohibitive for cost-sensitive consumer applications. For example, the balun-based combiner occupies 0.35 mm^2 and the matching networks occupy a total of 1.2 mm^2. Future work may consider the application of high-permittivity dielectric materials in the MIM capacitors; such a change could result in a 40% reduction in their physical area [10]. Also, it may be advantageous to replace the CPW stubs in Tier 3 with slow-wave transmission lines, which could potentially produce a 30% reduction in the physical length of the transmission line for the same electrical length by utilizing a patterned ground shield as an example [12]. These types of improvements may enable the total die area to be less than 3.0 mm^2 and therefore make the overall design more competitive for commercial applications.
[bookmark: X3253a733271f09cf0192772a27920bd3c86c935]Scalability Pathways to Sub-THz Frequencies and Dynamic Spectrum Adaptation
The suggested architecture provides a clear scaling path beyond the 60 GHz limit currently used in existing systems to new sub-THz frequency bands (i.e., 100–300 GHz) that might be utilized for 6G and terahertz telecommunications services. The four-tier hierarchical tier structure can also be adapted to provide a fourth tier to operate at 100–300 GHz, using either SIW (substrate-integrated waveguide) or dielectric resonators [13], as described earlier.
This type of dielectric resonator provides lower loss than the CPW stubs present at high speed, but at the sub-THz level, the conductor losses permitted in standard CMOS back end of the line (BEOL) become very significant. In order to achieve the increase in sub-THz technology required by the dual-path LNA concept, it may be a challenge to integrate the use of SIWs into a standard CMOS process due to the fact that thick top metal layers and through-silicon vias (TSVs) are not available in all process nodes.
Alternatively, the most practical method for initial implementation would be to use a SiGe BiCMOS manufacturing process because of the additional ability to use thicker BEOLs and higher fT/fmax transistors [14]. In addition, the dual-path LNA concept will need to be modified for use in the sub-THz frequency bands as well. Due to the decreasing quality factor of on-chip inductors and the increasing parasitic capacitance of cascode transistors, the inductively-degenerated cascode topology (Path A) becomes challenging at frequencies greater than 100 GHz. While the resistive-shunt-feedback topology (Path B) may be an alternative to increased noise cancellation, as fT of transistors approaches the frequency of operation, the cancellation mechanism becomes less effective. Another electrical circuit type, the distributed amplifier (with multiple gain stages and artificial transmission lines), can provide useful gain (15-20 dB) over a breadth of frequencies (100-300 GHz) but uses a relatively higher power (30-40 mW for a four-stage configuration). 
The development of architectures with integration of dynamic spectrum adaptation capabilities is another area for future research. Today's architecture is based on a preconfigured finite state machine (FSM) that selects between different fixed frequency band configurable states. However, with the rise of cognitive radios and dynamic frequency utilization, the front-end will need to adapt in real-time to interference conditions and available spectrum frequencies. In the future, we anticipate that the architecture will include a spectrum sensing engine to operate just before the main receiver path as a lightweight parallel energy detector. The capable of scanning the frequency bands from 0.7 to 60 GHz are able to detect vacant channels and the FSM's ability to reconfigure the matching network and LNA to the vacant channel within 800 ns of switching time that was established in this project. The spectrum sensing engine can be built using a simple envelope detector and a bank of bandpass filters with a power requirement of less than 5 mW. In addition, the existing ARM Cortex-M0 microcontroller has enough computation power to handle the digital processing of selecting channels and making decisions about the selected channels, and this enhancement will allow this architecture to evolve into a cognitive RF front-end for multi-band receivers, operating in a multi-user wireless environment that is heterogeneous and changing dynamically.
The present design lacks a BIST (built-in self-test) mechanism for production testing. The BIST scheme would be a help to the test time and cost of the test with the complexity of the hierarchical matching network and dual-path LNA. We offer a BIST architecture in the future that provides an on-chip signal generator to inject a test tone at the antenna port, and the response will be measured with the existing ADC. The BIST will determine if any catastrophic failures or parametric deviations are present and will have over 95% coverage by comparing the measured gain to the golden values stored in memory. The estimated area requirement for this BIST will be 0.15 mm², mainly due to the need for a test signal generator and supporting digital control logic.
[bookmark: conclusion]Conclusion
A reconfigurable multi-band RF SoC architecture that incorporates a hierarchical three-tier switched matching network and dual-path LNA is presented in this paper. This design enables an uninterrupted frequency response from 0.7 GHz to 60 GHz. Minimum noise figures in simulations of 2.1 dB, +/− 1.5 dB gain flatness in each tier, and greater than 18 dB inter-tier isolation were achieved using a 28 nm CMOS process. The architecture also supports nine different frequency bands with 792 ns switching latencies, allowing for smooth handoffs across different types of wireless standards - from sub-6 GHz IoT protocols to mm-wave (both 5G and WiGig). The architecture has a figure of merit equal to −18.7 dB which is much better than previous multi-band architectures, while operating with a low power consumption of 68 mW in one band mode. It is concluded that it is feasible to design a single-chip solution for next generation multi-standard wireless connectivity.
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